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PREFACE
The p o s itive  m uon ( p + ) is an e lem en ta ry  p a r t ic le  fo rm e d  in  na tu re  
f ro m  the  in te ra c tio n  o f  cosm ic rays w ith  the  u ppe r a tm osphere . On 
im p la n ta tio n  in  m a tte r  the  e le c tro n ic  and m agne tic  in te ra c tio n s  
experienced by th e  m uon can be in ve s tig a te d  by m o n ito r in g  the  e v o lu tio n  
o f  the  m uon sp in  p o la r iz a tio n  using m uon sp in  ro ta t io n  ((iSR) 
spectroscopy. C om pa rison  betw een the  p o s itive  m uon and th e  p ro to n  in  
s im ila r  chem ica l s ta tes  enables the s tu d y  o f  iso to p e  e ffe c ts  on m o le cu la r 
p ro p e rtie s . T h is  th e s is  p resents  th e o re tic a l and e xp e rim e n ta l 
in ve s tig a tio n s  o f  th e  iso to p e  e ffe c ts  re s u lt in g  f ro m  s u b s t itu t io n  o f  
hydrogen by m uon ium . M uon ium  is  th e  bound s ta te  o f  a p o s itiv e  m uon 
and an e le c tro n ; and can be considered to  be a lig h t ,  s h o r t lived , iso tope  
o f  hydrogen. These s tu d ie s  cons ider the  iso to p e  e ffe c ts  on, the  m o le cu la r 
p ro p e rtie s , the  re g io s e le c tiv ity  o f m uon ium  a d d itio n  and the  c o n fo rm a tio n , 
o f  se lected m uon ium  s u b s titu te d  species. The th e o re tic a l in v e s tig a tio n  o f  
se lected  iso to p e  e ffe c ts  is based upon ab in i t io  m o le c u la r o rb ita l th e o ry  
and has been app lied  to  b o th  a d iam agne tic  and pa ram agne tic  m uon ic  
species. Th is  s tu d y  sh o u ld  aid in  the  e luc ida tio n  o f  th e  la rge  iso to p e  
e f fe c t  observed in  se lec ted  m o le cu la r p ro p e rtie s  on s u b s t itu t io n  o f  
hydrogen by m uon ium . To com p lem en t these th e o re tic a l s tud ies , th is  
thes is  re p o rts  e xp e rim e n ta l s tud ies on the te m p e ra tu re  and so lv e n t 
dependence o f  the  m u o n -e le c tro n  (3-hyperfine c o u p lin g  c o n s ta n t o f  the  
2 -m u o x y p ro p -2 -y l ra d ica l and the  re g io s e le c tiv ity  o f  m uon ium  a d d itio n  to  
th e  a p -u n sa tu ra te d  ke tone , 3 -m e th y l-2 -b u te n a l.
C hap te r one in tro d u c e s  the  fun d a m e n ta l p ro p e rtie s  o f  th e  p o s itive  
m uon and describes the  d if fe re n t chem ica l s ta tes  th a t  can be fo rm e d  on
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m uon im p la n ta tio n  in  m a tte r. A  b r ie f  o u t lin e  fo l lo w s  o f  the  d if fe re n t  
types  o f  pSR spec troscopy  th a t can be used to  s tu d y  m uon ic  species. In  
la te r  sec tions , the  exp e rim e n ta l and th e o re tic a l aspects o f  transverse  
f ie ld  pSR (T F -pS R ) spec troscopy  are described  in  m ore d e ta il, w ith  
p a r t ic u la r  re fe rence  to  m uon ium  s u b s titu te d  ra d ica ls . The th e o re tic a l 
tre a tm e n t o f  the  TF-pSR techn ique  shows how  i t  is poss ib le  to  derive  the  
m a g n itu d e  o f  the  m u o n -e le c tro n  hype rfine  c o u p lin g  c o n s ta n t fro m  the  
e x p e rim e n ta l pSR spectra . The f in a l se c tio n s  o f  th is  chap te r are 
concerned w ith  th e  ana lys is  o f  ^iSR spec tra  and th e  m ethods th a t can be 
used to  re la te  th e  e xp e rim e n ta l da ta  to  th e  ra d ic a l’s c o n fo rm a tio n  and 
in te rn a l dynam ics. In  p a r t ic u la r  a th e o ry  o f  ro ta t io n a l averaging is 
o u tlin e d , w h ich  enables the  tem pe ra tu re  dependent m u o n -e le c tro n  
h y p e rfin e  c o u p lin g  c o n s ta n t o f the  rad ica l to  be re la te d  to  the  b a rr ie r  
h in d e rin g  in te rn a l ro ta tio n .
The second ch a p te r re p o rts  the e xp e rim e n ta l re s u lts  ob ta ined  fro m  a 
T F -|iS R  s tu d y  o f  th e  2 -m u o x y p ro p -2 -y l ra d ica l fo rm e d  in  
p ro p a n -2 -o n e :w a te r m ix tu re s  and a p ro p a n -2 -o n e :n -h e xa n e  m ix tu re . These 
e xp e rim e n ts  in ve s tig a te  the  so lve n t and te m p e ra tu re  dependence o f  the  
m u o n -e le c tro n  p -h yp e rfin e  coup ling  c o n s ta n t o f  the  ra d ica l fo rm ed . 
T h ro u g h  a p p lic a tio n  o f  the  ro ta t io n a l averag ing techn ique  described in  
ch a p te r one the  s o lv e n t e ffe c ts  on the b a rr ie r  to  in te rn a l ro ta t io n  o f  the  
2 -m u o x y p ro p -2 -y l rad ica l have also been s tu d ie d . Th is  chap te r a lso  
re p o rts  the  f i r s t  c le a r observa tion  o f  c o m p e titive  m uon ium  a d d itio n  to  an 
a3~unsa tu ra ted  ke tone . These re s u lts  were o b ta in e d  fro m  a TF-pSR s tu d y  
o f  3 -m e th y l-2 -b u te n a l. F rom  the  re s u lta n t pSR sp e c tra  the  m u o n -e le c tro n  
h y p e rfin e  co u p lin g  c o n s ta n ts , o f  the ra d ica ls  fo rm e d  on  m uon ium  a d d itio n  
to  th is  su b s tra te , have been determ ined . A  s tu d y  o f  the  te m pe ra tu re  
dependence o f  these coup ling s  has enabled ass ignm en ts  o f  the  ra d ica l
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s tru c tu re s  to  be made. F u rth e r, the  fra c t io n a l ra te  co n s ta n ts  fo r  the  
fo rm a tio n  o f  the  d if fe re n t  m uon ium  s u b s t itu te d  ra d ica ls  have been 
d e te rm in e d  fro m  th e  e xp e rim e n ta l fra c t io n a l ra d ic a l p o la r iz a tio n s .
C h a p te r th re e  describes the  p r in c ip a l aspects  o f  ab in i t io  m o le cu la r 
o rb ita l th e o ry  th a t  are used in  the  th e o re tic a l tre a tm e n t o f  m uon ic 
iso to p e  e ffe c ts  p resen ted  in  th is  thes is . T h is  tre a tm e n t em ploys a 
v a r ia t io n -p e r tu rb a t io n  approach to  the  c o m p u ta tio n  o f  v ib ra tio n a l 
c o rre c tio n s  to  ab in i t io  m o le cu la r p ro p e rtie s . The co m p u te d  v ib ra tio n a l 
c o rre c tio n s  enab le  a s tu d y  o f  the  e ffe c ts  o f  is o to p ic  s u b s t itu t io n  on 
m o le c u la r p ro p e rtie s  to  be p e rfo rm ed . C hap te rs  fo u r  and fiv e  re p o r t the  
re s u lts  th a t  are o b ta ine d  fro m  a p p lica tio n  o f  th is  techn iqu e  to  is o to p ic  
v a ria n ts  o f  the  w a te r  m o lecu le  and the  e th y l ra d ica l, respec tive ly . The 
m uon ic  is o to p ic  va ria n ts  o f  these species are e x te n s ive ly  s tud ied  and 
w here  p o ss ib le  th e  th e o re tic a lly  com puted  re s u lts  have been com pared 
w ith  e xp e rim e n ta l da ta  ob ta ined  fro m  ^SR e xp e rim e n ts . Th is  in ve s tig a tio n  
p rov ides  an in s ig h t in to  the  o r ig in  o f  the  la rge  is o to p e  e f fe c t  th a t occurs 
on m uon ium  s u b s t itu t io n  o f  hydrogen by m uon ium .
A  b r ie f  sum m ary  o f  th e  re s u lts  re p o rte d  in  th is  th e s is  and suggestions 
fo r  fu r th e r  w o rk  are p resen ted  in  chap te r s ix .
-  3 -
C H A P TE R
1 A spec ts  o f  M uon ium  S u b s titu te d  Free R adica l C h e m is try
1.1 In tro d u c t io n
N edderm eyer and A nderson  f i r s t  d iscovered th e  p o s it iv e  m uon (^  + ) in  
1937 fro m  p h o to g ra p h ic  s tud ies o f  a c lo u d  cham ber exposed to  cosm ic  
rays C l ] .  The m uon  is  a decay p ro d u c t o f  th e  l ig h te s t  m eson, the  p io n  
( 7c). In  na tu re  p ions  are fo rm ed  when cosm ic rays in te ra c t w ith  the  uppe r 
a tm osphere . The p o s it iv e  p ions fo rm e d  in  th is  in te ra c t io n  decay w ith  a 
mean li fe t im e  o f  26 ns to  create  a p o s itive  m uon, as observed by
N edderm eyer and A nderson , and a m u o n -n e u tr in o  ( v ^ ) .
7t+ -------> + (1.1)
The p ro d u c ts  o f  th is  decay process are m em bers o f  the  fa m ily  o f
fu n d a m e n ta l p a rtic le s  know n  as lep tons . The e le m e n ta ry  p a rtic le s  o f  the  
le p to n  fa m ily  in c lu d e  the  pos itive  and negative  m uon ( ^t+ ); the
p o s itro n  and the  e le c tro n  ( e+, e ~ ); the  n e u tr in o s  o f  these p a rtic le s  ( v ^ ,  
v e, Ve ) and th e  heavier ta u -p a rtic le s  ( t +, t “ ). The m u o n -n e u trin o
(v  ) created in  decay process (1.1) has negative  h e lic ity  C23, th a t is, the
sp in  o f  th e  jx+-n e u tr in o  is p a ra lle l to  its  m om e n tu m  b u t d irec ted  in  the  
o p p o s ite  sense. T h e re fo re  in  o rde r to  conserve a n g u la r m om entum  the 
m uon m u s t a lso  have negative h e lic ity . C o n se q u e n tly  p o s itive  m uons 
p roduced th ro u g h  decay process (1.1) are sp in  p o la rize d . The m uon i t s e l f  
is  a s h o r t- l iv e d  p a r t ic le  having a mean life t im e  o f  2.2 ps b e fo re  decaying
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th ro u g h  th e  th re e -b o d y  decay m echanism ,
11+----- > e*  ♦ v e ♦ ( 1.2 )
to  fo rm  a p o s it ro n  ( e + ), an e le c tro n -n e u tr in o  a*id a
m u o n -a n tin e u tr in o  ( v ^ ) .  Selected phys ica l p ro p e rtie s  o f  {i *  are lis te d  in  
T ab le  1.1, a lso  p resen ted  are the  co rre sp o n d in g  p ro p e rtie s  o f  the  p o s itro n  
and th e  p ro to n  ( p  + ) to  a llo w  com parison .
T ab le  1.1 S e lected ph ys ica l p ro p e rtie s  o f  th e  m uon, p o s itro n  and p ro to n
Physica l p ro p e r ty  a VL* e+ P
Spin / 1 i 1 /2 1 /2 1 /2
C harge +1 +1 +1
M ass /  m e 206.76865 1 1836.1527
M agne tic  m om e n t
( p )  / J T " 1 4.490474 x lO -26 9.284832 x lO " 24 1.410617 x lO -26
g - fa c to r 2.002331848 5.585690 2.0023192
G yrom agne tic  ra t io
( y / 2 tc) / M H z T _1 135.5374 28024.71 42.5771
L ife t im e  ( x ) /  s 2.19714 x  10 " 6 — —
a Ref. C3 ] .
The p o s itro n  fo rm e d  in  decay process (1 .2)  is e m itte d  p re fe re n t ia lly  
a long  the  m uon sp in  d ire c tio n . Th is  is a consequence o f  th e  conse rva tion  
o f  energy, m o m e n tu m  and angu la r m om en tum . The asym m etry  in  the  
m uon decay p rocess enables several sp e c tro sco p ic  m ethods to  be app lied  
to  the  s tu d y  o f  th e  lo c a l env ironm en t o f  m uons im p la n te d  in  m a tte r. The
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e x p e rim e n ta l techn iqu es  used to  s tu d y  the  d if fe re n t  chem ica l s ta tes  o f  
th e  m uon in  condensed m a tte r are described  c o lle c t iv e ly  as m uon sp in  
ro ta t io n  ( p S R )  spectroscopy. These techn iques  can be used to  id e n t ify  
and s tu d y  th e  th re e  poss ib le  chem ica l s ta te s  th a t are fo rm e d  on m uon 
im p la n ta t io n  in  condensed m a tte r.
In  th is  th e s is  th e  expe rim en ta l s tud ies  p e rfo rm e d  have been concerned 
w ith  the  id e n t if ic a t io n  and m easurem ent o f  th e  m u o n -e le c tro n  (3-hyperfine 
c o u p lin g  c o n s ta n t ( A ^ )  o f  m uon ium  s u b s titu te d  fre e  rad ica ls . Such 
ra d ica ls  are p roduced  fro m  the im p la n ta tio n  o f  p o s itive  m uons in  se lected 
u n sa tu ra te d  o rg a n ic  subs tra tes . T he re fo re  in  th is  ch a p te r the  e xp e rim e n ta l 
m e th o d  used to  s tu d y  these species and the  approaches used to  analyse 
th e  e x p e rim e n ta l da ta  are o u tlin e d .
1.2 M u o n  P ro d u c tio n  and Spectroscopy
The p ro d u c tio n  o f  p o s itive  p ions by th e  in te ra c tio n  o f  cosm ic  rays w ith  
th e  a tm osphere  can be s im u la ted  by  d ire c tin g  h igh  energy p ro to n s  on a 
p ro d u c tio n  ta rg e t o f  carbon o r b e ry lliu m . The th re s h o ld  energy o f  the  
n u c le a r processes th a t produce the  p ions  is  abou t 180 M eV. T h rough  
m echan ism  (1.2) the  p o s itive  p ions decay e ith e r a t re s t, near the  surface 
o f  th e  p ro d u c tio n  ta rg e t o r in f l ig h t  ove r a d is tance  o f  severa l m etres to  
p roduce  a d if fu s e  m uon beam. M om en tum  se le c tio n  o f  p ions  produced a t 
the  su rface  o f  th e  ta rg e t enables a lo w  m om entum , co m p le te ly  sp in  
p o la r ize d  m uon beam to  be produced. T h is  type  o f  beam is know n  as a 
t i +-s u r fa c e  beam o r, fo r  h is to r ic a l reasons, an A rizona  beam. A lte rn a tiv e ly  
the  p ions decay in  f l ig h t ,  in a decay channe l c o n s is tin g  o f  a lo n g  
s u p e rco n d u c tin g  so leno id . Using a bend ing  m agnet the  m om enta  o f  the  
m uon beam p roduced  can be selected. The [ i +-beam  is then  d ire c te d  o n to
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th e  sam p le  o f  in te re s t us ing  a series o f  q u a d ru p o le  m agnets.
In  p ra c tic e  th e  m om entum  se le c tio n  u s u a lly  se lec ts  fo rw a rd  ( 
p a ra lle l to  P TC) o r backw ard  e m itte d  ( P ^ a n t ip a ra lle l to  P ^ ) m uons, 
w he re  P^ and P,,. are the  m uon and p ion  m o m e n tu m  respec tive ly . The 
fo rw a rd  and backw ard  m uons are chosen s ince they  produce n +-beam s 
w ith  the  la rg e s t poss ib le  sp in  p o la r iza tio n . The p o la r iz a tio n  o f  the  beams 
is  reduced  by  th e  lim ite d  re s o lu tio n  o f  th e  m uon  m om en tum  by the  beam 
o p tic s . C onsequ en tly  the  p o la r iz a tio n  o f  th e  beam  is  fu r th e r  reduced by 
th e  spread in  th e  angle 0, the  angle be tw een  P TC and P^. M uon beams 
p ro d u ce d  fro m  p ions decaying in  f l ig h t  ty p ic a lly  reduce the  sp in  
p o la r iz a t io n  to  6 0 -8 0  %.
The m uon beam is fu r th e r  charac te rized  acco rd ing  to  the  m ethod  used 
to  p roduce  the  p ro to n s  th a t c o llid e  w ith  the  p ro d u c tio n  ta rg e t. I f  the  
p a r t ic le  a cce le ra to r p roduces pu lsed  beam s o f  p ro to n s , the  re s u lt in g  
m uon  beam  w i l l  be de live red  in  s h o r t b u rs ts  separated by a sm a ll tim e  
in te rv a l and is  know n  as a pu lsed  m uon beam . The second fo rm  o f  beam 
is  p roduced  fro m  a con tinuo us  source o f  p ro to n s  and is  th e re fo re  te rm ed  
a co n tin u o u s  m uon beam. B o th  fo rm s  o f  jx^-beam  can be used to  s tu d y  
th e  im p la n ta t io n  o f p o s itive  m uons in  m a tte r  us ing  the  d if fe re n t  
techn iqu es  o f  m uon sp in  ro ta t io n  spectroscopy. The c u rre n t m ain cen tres 
o f  pSR sp e c tro sco p y  are the  Paul S cherre r In s t itu te ,  ( P S I ,  S w itze rla n d  ), 
the  T r i-U n iv e rs it ie s  M eson F a c ility , (T R IU M F , Canada), B o o m -K E K  
(Japan ), th e  Los A lam os M eson Physics F a c ility , ( LAMPF, U S A ), the  
R u th e r fo rd  A p p le to n  Labo ra to ry , ( RAL,  U K  ) and the  Russian fa c i l i ty  a t 
Dubna.
T he re  are fo u r  p r in c ip a l fo rm s  o f  [iSR spectroscopy, m uon sp in  
ro ta t io n ,  m uon sp in  re la xa tio n , m uon sp in  resonance and avoided leve l 
c ro s s in g  ( A L C ) resonance spectroscopy. In  th e  f i r s t  m ethod  a s ta t ic
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m agne tic  f ie ld  is  app lied  transve rse ly  to  the  m uon sp in  d ire c tio n  and the  
re s u lt in g  e v o lu tio n  o f  the  m uon sp in  d ire c tio n  is  m easured. The sp in  
re la x a tio n  m e thod  measures the  re la x a tio n  w ith  t im e  o f  the  in it ia l m uon 
p o la r iz a tio n  in  a lo n g itu d in a lly  app lied  m agne tic  f ie ld .  The m uon sp in  
resonance e xp e rim e n t a lso  uses a lo n g itu d in a lly  a p p lie d  m agne tic  f ie ld  
b u t  in  a d d it io n  app lies a transverse  rad io  ( R F ) fre q u e n cy  f ie ld . The 
resonance s igna l is observed as a decrease in  th e  lo n g itu d in a l a sym m e try  
( A )  as the  f ie ld  is varied. W here A  is the  d iffe re n c e  in  the  num ber o f  
decay p o s itro n s  e m itte d  in  fo rw a rd  and ba ckw a rd  d ire c tio n s  re la tiv e  to  
the  in it ia l m uon sp in  d ire c tio n . The decrease in  th e  in i t ia l  p o la r iz a tio n  is 
the  re s u lt  o f  a co u p lin g  o f  the  tra n s it io n s  be tw een  d if fe re n t  m uon 
h yp e rfin e  s ta tes  and the RF f ie ld . ALC  is the  m o s t re ce n t fo rm  o f  (iSR 
spec troscopy , f i r s t  p roposed by Abragam  in  1984 C 4 ]. I t  is  s im ila r  to  the  
resonance expe rim en t, b u t  in  ALC the observed re d u c tio n  in  p o la r iz a tio n  
arises due to  c o u p lin g  o f  the  hype rfine  s ta tes  o f  the  m uon w ith  som e 
o th e r  nuc lea r s ta te s  ra th e r  than  a RF f ie ld . The A LC  techn ique  has 
a lready been s u cce ss fu lly  app lied  a t PSI, T R IU M F  and R AL C 5, 6, 7 ].
1.3 C hem ica l S ta tes  o f  p +
1.3.1 M uon ium
The fo rm a tio n  o f  the  d if fe re n t chem ica l s ta te s  co n ta in in g  in
gaseous o r  condensed m a tte r  u su a lly  occurs  b e fo re  d ire c t  o b se rva tio n  o f  
th e  species us ing  pSR. T h rough  m om entum  s e le c tio n  the  m uons are 
stopped  in  the  sam ple  o f  in te re s t, a f te r  w h ich  th e y  in te ra c t w ith  th e ir  
m ed ium  d u rin g  th e rm a liz a tio n  o r  s h o r t ly  a fte rw a rd s . The processes o f  
th e rm a liz a tio n  are rap id  on th e  m uon tim e sca le  and are e le c tro n ic  in
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o r ig in , th e re fo re  having no a ffe c t  on th e  in it ia l m uon p o la r iz a tio n . The 
s im p le s t p o ss ib le  chem ical s ta te  o f  is th a t o f  m uon ium  ( M u ) ,  w h ic h  
is the  bound  s ta te  o f  a po s itive  m uon  and an e le c tro n  ( p + e “ ). T w o  
p o ss ib le  m ethods fo r  m uonium  fo rm a tio n  have been p roposed . In  th e  f i r s t  
m echanism  kn o w n  as the h o t a tom  m ode l C 8 ], M u is fo rm e d  d u r in g  the  
p e rio d  o f  th e rm a liz a tio n . The a lte rn a tiv e  m e thod  o f  m uon ium  fo rm a tio n  is 
th e  spur m ode l, w h ich  proposes th a t  the  m uon b inds w ith  an e le c tro n  
a f te r  th e rm a liz a tio n  C 9 ]. Due to  th e  s im ila r ity  in  s tru c tu re  o f  m uon ium  
and a to m ic  hydrogen, M u  is o f te n  cons idered  to  be an iso to p e  o f  
hydrogen . A  com parison  o f  the phys ica l p ro p e rtie s  o f  m uon ium , hyd rogen  
and deu te riu m  are g iven in  T ab le  1.2.
T ab le  1.2 S e lected phys ica l p ro p e rtie s  o f  m uon ium , hydrogen and 
de u te riu m  C 3, 10 ]
P ro p e rty  M u H D
M ass /  m H  0.1131 1.00 1.998
Io n iz a tio n  p o te n t ia l /  eV 13.539 13.598 13.601
B oh r rad ius /  pm  53.17 52.94 52.93
H yp e rfin e  C o u p lin g  C o n s ta n t 
/  M H z 4463 1420 218
L i fe t im e /s  2.1971 x 10 ~6 — —
The io n iza tio n  p o te n tia l and B o h r rad ius o f  the  th re e  a tom s are n e a rly
id e n tica l. The s m a ll d iffe rences  can be a t t r ib u te d  to  the  d iffe re n c e  in  the  
c e n tre -o f-m a s s  o f  each a tom . The la rge  mass d iffe re n c e  be tw een  the  
d if fe re n t  a tom s im p lies  th a t m uon ium  can be cons idered  to  be l ig h t  
iso to p e  o f  hydrogen.
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1.3.2 M u o n ic  D iam agne tic  S ta tes
D iam agne tic  s ta te s  co n ta in in g  ( i+ can e ith e r be fo rm e d  d ire c t ly  f ro m  
th e  im p la n te d  m uons o r th ro u g h  in te ra c tio n s  o f  m uon ium  w ith  the  
m ed ium . One o f  th e  s im p le s t p o ss ib le  d iam agne tic  s ta tes  to  co ns ide r is 
th a t  o f  m uon ium  s u b s titu te d  w a te r. The fo rm a tio n  o f  th is  s ta te  is  
th o u g h t to  o ccu r by a tw o  stage p rocess [ 9  3.
H 2 0  + H 2 O M u (1.3)
H 2 O M u + H 20  J  M uO H  + H z O (1 .4 )
In  l iq u id s , such as w a te r, i t  is o fte n  fo u n d  th a t  the  m a jo r ity  o f  the  
m uons fo rm  such d iam agne tic  s ta tes . The e a rlie r fo rm s  o f  (iSR 
sp e c tro sco p y  w ere  unable to  d is tin g u is h  betw een free  t i + and m uons in  
d iam agne tic  e nv ironm en ts  o r to  cha rac te rize  the  d if fe re n t  p o ss ib le  
d iam agne tic  s ta tes . The f i r s t  su cce ss fu l ass ignm en t o f  p + in  a 
d iam agne tic  s ta te  was re ce n tly  made by  C ox e t a l. us ing  the  techn ique  o f  
avo ided leve l c ro ss in g  resonance ^xSR C 7, 11 3.
1.3.3 M uon ium  S u b s titu te d  Radicals
The th ird  p o ss ib le  chem ica l s ta te  o f  th e  im p la n te d  m uon is fo rm e d  by 
the  fo rm a l a d d itio n  o f  m uon ium  to  an u nsa tu ra te d  o rgan ic  subs tra te . The 
pa ram agne tic  species fo rm ed  is described  as a m uon ium  s u b s titu te d  free  
ra d ica l. Such rad ica ls  have been e x te n s ive ly  s tu d ie d  since th e ir  f i r s t  d ire c t 
o b se rva tio n  us ing  the  techn ique o f  transve rse  f ie ld  m uon sp in  ro ta t io n  
spec troscopy  [  12, 13 3. Th is techn ique  has been s u c c e s s fu lly  app lied  to
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th e  s tu d y  o f  c o n fo rm a tio n a l ana lysis, k in e t ic  iso tope  e ffe c ts  and 
re g io s e le c t iv ity  o f  m uon ium  a d d itio n  fo r  a w ide  range o f  o rgan ic  fre e  
ra d ic a ls  C 14, IS, 16, 17 ]. The w ide  a p p lica tio n s  o f  these s tud ies  has le d  to  
severa l com prehensive rev iew s [ 18, 19, 20 ]  and one bo o k  C101 on the  
su b je c t.
The m echanism  o f fo rm a tio n  o f  m uon ium  s u b s titu te d  rad ica ls  has a lso  
been e x te n s ive ly  s tud ied  [ 21, 22 ]. There  are severa l d if fe re n t poss ib le  
m e ch a n is tic  ro u te s  th a t lead to  the  fo rm a tio n  o f  these rad ica ls . Some 
p o ss ib le  fo rm a tio n  schemes are the d ire c t a d d it io n  o f  h o t o r th e rm a l 
m u o n iu m  o r  the  a b s tra c tio n  o f  an e le c tro n  fro m  its  su rround in gs  by  a (i + 
d ia m a g n e tic  p recu rso r. The fo rm a tio n  o f  m uon ium  s u b s titu te d  rad ica ls  has 
le d  to  th e  p o s s ib ility  o f  s tudy ing  ra d ica ls  f o r  w h ich  th e  ana logous 
p ro to n a te d  species have n o t been observed C 23 ].
1.4 T ransverse  F ie ld  M uon  Sp in  R o ta tio n  ( TF -pS R ) S pectroscopy
1.4.1 E xp e rim e n ta l A spects
A l l  e xp e rim e n ta l observa tions  re p o rte d  in  th is  thes is  were ca rried  o u t 
a t th e  Paul S cherre r In s t itu te ,  V illig e n , S w itz e rla n d  using the  techn ique  o f  
tra n sve rse  f ie ld  m uon sp in  ro ta t io n  spec troscopy . A t  PSI a p ion f lu x  o f  
2 x l 0 -9  7ts-1 is p roduced by focus ing  h igh  energy p ro to n s  ( ca. 590 e V ) 
o n to  a b e ry lliu m  p ro d u c tio n  ta rg e t. The p o s itiv e  p ions  produced fro m  the  
re s u lta n t  nuc lea r in te ra c tio n s  decay in  f l ig h t ,  a long  an 8 m 
su p e rco n d u c tin g  so leno id . Backward decay m uons w ith  a m om entum  o f  
a b o u t 115 M e V / c  and a sp in  p o la r iz a tio n  o f  a round  70 % in  the  fo rw a rd  
d ire c tio n  are se lected fo r  im p la n ta tio n  in  th e  sam ple. The co n tin u o u s  
m uon  beam  d irec ted  o n to  the  sam ple has a m uon f lu x  o f  a p p ro x im a te ly
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107 [ i+s -1 . The sam ple (S ) to  be s tu d ie d  is  p laced  a t the  ce n tre  o f  the 
pSR sp e c tro m e te r w h ich  cons is ts  p r in c ip a lly  o f  a p a ir o f  H e lm h o ltz  co ils  
w h ich  can p roduce  a m agnetic f ie ld  ( B ) o f  be tw een  0 and 0.6 T  and a 
series o f  s c in t i l la t io n  coun te rs  p o s itio n e d  a b o u t th e  sam ple. A  schem atic  
re p re se n ta tio n  o f  the  pSR sp e c tro m e te r is g iven  in  F igu re  1.1.
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F igure  1.1 Schem atic  rep resen ta tion  o f  th e  TF-pSR  sp e c tro m e te r a t PSI.
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The m uons im p la n te d  in  the  sam ple decay acco rd ing  to  e q u a tio n  ( 1.2 ). 
As m en tioned  p re v io u s ly  th e  p o s itro n  em ission is an a sym m e tric  process. 
The a n g u la r d is tr ib u t io n , P ( 0 ) ,  o f  the  p o s itro n  in te n s ity  is  expressed by 
th e  re la tio n s h ip
P U )  = 1 + acosS  ( l . S )
w here  $ is the  angle be tw een  the  m uon sp in  d ire c tio n  and th e  d ire c tio n  
o f  th e  e m itte d  p o s itro n  and a is  an asym m etry  fa c to r . The asym m etry  
fa c to r  is dependent upon th e  energy o f  the  e m itte d  p o s itro n s  and has a 
m ax im um  va lue o f  one fo r  p o s itro n s  e m itte d  w ith  th e  h ig h e s t poss ib le  
energy. F o r the  pSR e x p e rim e n t the  asym m etry  fa c to r  has a va lue  o f  ~ 
1 /3  as a consequence o f  averag ing over a ll p o ss ib le  p o s itro n  energies. 
T h is  asym m etry  in  the  m uon decay enables any change in  the  in i t ia l  m uon 
sp in  p o la r iz a tio n  th ro u g h  in te ra c tio n s  w ith  an e x te rn a lly  app lied  m agne tic  
f ie ld , o r  lo c a l m agne tic  f ie ld s  to  be observed. The e v o lu tio n  o f  the  m uon 
p o la r iz a tio n  is fo llo w e d  by co u n tin g  the num ber o f  decay p o s itro n s  
de tec ted  a t a f ix e d  va lue o f  £.
The essen tia l fea tu res  o f  the  TF-{iSR techn ique  are th a t  in i t ia l ly  the  
in c id e n t | i+-beam  passes th ro u g h  a lead c o ll im a to r  ( L )  w h ich  reduces the  
beam to  the  desired d ia m e te r (15-20 mm).  The m uons are then  s low ed  
dow n  by passage th ro u g h  a po lye thy le ne  w indow  a t th e  end o f  the  beam 
lin e  and a degrader (D )  o f  w a te r o r po lye thy lene . The th ic kn e ss  o f  the  
degrade r D can be ad jus ted  to  m axim ise the num ber o f  m uons s topped  in  
the  sam ple. The p a r t ic le  d e te c to rs  used to  d e te c t the  in co m in g  m uons 
( C lf C 2 ) and the  e m itte d  p o s itro n s  ( f  1? f 2, b lt b 2 ) co m p rise  s c in t i l la to rs ,  
lig h tg u id e s  and p h o to m u lt ip lie r  tubes. There are a c tu a lly  tw o  o th e r  sets 
o f  d e te c to rs  used to  d e te c t e m itte d  p o s itro n s  lo ca te d  above and b e lo w
-  13 -
the  sam ple  w h ich  are n o t show n in  F igure  1.1 fo r  reasons o f  c la r ity . The 
t im e  d iffe re n c e  betw een the  a rr iv a l o f  each m uon and th e  d e te c tio n  o f  i ts  
e m itte d  p o s itro n  is de te rm ined  fro m  the  e le c tr ic a l-p u ls e s  tr ig g e re d  by  the  
passage o f  a p a r t ic le  th ro u g h  th e  d e te c to rs . T h is  fo rm  o f  co u n tin g  is 
described  as a m u o n -p o s itro n  co inc idence  c o u n tin g  m e thod  and each tim e  
in te rv a l is kn o w n  as an event. T h is  techn ique  ensures th a t the  s ig n a l 
a r is in g  fro m  an e m itte d  p o s itro n  can be assoc ia ted  w ith  i ts  p a ren t m uon. 
A  l im ita t io n  o f  th is  technique is th a t  i t  necess ita te s  th e  presence o f  o n ly  
a s in g le  m uon in  the sam ple a t any in s ta n t and is  th e re fo re  a s in g le  
p a r t ic le  c o u n tin g  technique. The c o u n tin g  o f  th e  events is  c o n tro lle d  by 
co m p le x  e le c tro n ic  lo g ic  c irc u its  w h ich  a lso  d is t in g u is h  be tw een  good and 
bad events. A  good event co rresponds to  th e  t im e  in te rv a l be tw een the  
a rr iv a l o f  th e  m uon and the d e te c tio n  o f  the  assoc ia ted  e m itte d  p o s itro n . 
A  bad even t can re s u lt fro m  the  a rr iv a l o f  a second m uon b e fo re  the  
p o s itro n  co rre sp o n d in g  to  the in i t ia l  m uon has been de tec ted  o r  some 
o th e r  such spu rious  event. The e le c tro n ic  s ig n a ls  co rre sp o n d in g  to  good 
events are passed, to  a tim e  to  a m p litu d e  c o n v e rte r ( T A C ) ,  an analogue 
to  d ig ita l co n ve rte r (A D C ) ,  and f in a l ly  to  a m u ltic h a n n e l ana lyser ( M C A ) .  
The M C A  is  a sto rage device w h ich  re co rd s  a h is to g ra m  re la tin g  the  
num be r o f  events detected  (H )  w ith  tim e . The tim e  scale o f  the  
h is to g ra m  is  u su a lly  d iv ided in to  tim e  b ins  ( o r  channe ls ), the  b in  w id th  
is  dependen t on the s igna l o r s igna ls  unde r exam ina tion .
I f  th e re  is no e x te rn a lly  app lied  m agne tic  f ie ld  the  recorded  h is to g ra m  
fo r  each c o u n te r w i l l  d isp lay  a s in g le  e xp o n e n tia l th a t  decays w ith  the  
m uon l i fe t im e  . In  a tra n sve rse ly  app lied  m agne tic  f ie ld  the  sp in  
v e c to r  o f  th e  m uon w i l l  precess a t i ts  L a rm o r frequency, v = 135.537 
M H z  T -1 , and th is  precession w i l l  be superim posed  o n to  the  l i fe t im e  
h is to g ra m  w ith  a phase dependent on the  p o s it io n  o f  each c o u n te r as
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shown in Figure 1.2.
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F igure  1.2 pSR h is tog ram  o f the  m uon ium  s u b s titu te d  rad ica l fo rm e d  
by m uon im p la n ta tio n  in  liq u id  p ropan -2 -o ne .
In  a transve rse  f ie ld  the genera l fo rm  o f  the  h is tog ram  is g iven by 
[2 4 ,  251,
H ( t ) = N 0 exp ( - 1 / )  Cl + F ( t )  ] + BG (1.6)
w here  N 0 is a n o rm a liza tio n  fa c to r  dependent upon the  to ta l num ber o f  
co u n ts  , BG arises fro m  the acc iden ta l backg round  fra c tio n  and F ( t )  
expresses the  tim e  dependence o f  the  m uon sp in  p o la riza tio n . F ( t )  is 
sum m ed over each d if fe re n t m uon s ta te , j .w ith in  the  sam ple and the  
frequencies associated w i th  each s ta te . The general fo rm  o f  F ( t )  is
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F ( t )  = 2  F j ( t )  = 2  A j  e x p ( - X j t )  c o s ( t i ) j t  + (1.7)
w here  A j is the  asym m etry , dependent upon the  beam p o la r iz a tio n , the  
asym m etry  c o e ff ic ie n t a and o th e r  e xpe rim en ta l fa c to rs , o>j is the  
p recess ion  frequency, X j is a dam ping c o n s ta n t and is  th e  in it ia l phase. 
X j is  a m easure o f  the  ra te  o f  d e p o la riza tio n  and can re f le c t  re a c tio n s  o r  
re la x a tio n  process. A na lys is  o f  the  e xp e rim e n ta l data is ca rried  o u t by 
f i r s t ly  tra n s fo rm in g  the  pSR h is to g ra m  in to  F ourie r space [ 2 6 ]  and then  
f i t t in g  the  re s u lta n t s igna ls  to  the  th e o re tic a l expression (1.6) us ing the 
M IN U 1T  [ 2 7 ]  f i t t in g  procedure , enab ling  the  d e te rm in a tio n  o f the  
pa ram ete rs  Aj, X j, cjj and Oj. A F o u rie r tra n s fo rm e d  pSR h is to g ra m  is 
d isp layed  in  F igure  1.3 and shows c le a rly  the  ch a ra c te ris tic  frequenc ies  o f  
a m uon ium  s u b s titu te d  rad ica l.
F requency /  M H z SO0
F igure  1.3 F ou rie r tra n s fo rm e d  (iSR spectrum  o f  the  m uon ium  
s u b s titu te d  rad ica l fo rm ed  in  liq u id  p ropan-2 -one .
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A l l  e xp e rim e n ts  p e rfo rm e d  in  th is  w o rk  w ere  ca rrie d  o u t us ing  liq u id  
sam ples. The liq u id s  w ere  prepared  by  degassing us ing  a series o f  
fre e z e -p u m p -th a w  cyc les on a vacuum  lin e  to  rem ove d isso lved  oxygen 
w h ic h  w o u ld  o th e rw ise  have a d e p o la riz in g  e ffe c t.  The sam ples w ere then  
sealed, unde r vacuum , in  th in -w a lle d  sp he rica l g lass b u lb s , 25-35 m m  in  
d ia m e te r. A l l  sam ples w ere  o f  th e  h ig h e s t grade o f  p u r ity  co m m e rc ia lly  
ava ilab le . Fo r e xp e rim e n ts  w here i t  was necessary fo r  the  sam ple 
te m p e ra tu re  to  be va ried  a c ry o s ta t w as em ployed. The sam ple was 
p laced  in  the  in su la te d  c ry o s ta t w h ich  enab led the  te m p e ra tu re  to  be
lo w e re d  by  the  c o n tro l o f  a f lo w  o f  co ld  N 2 gas o r  ra ised using an
e le c tr ic a l res is tance . The te m pe ra tu re  o f  the  sam ples c o u ld  be m o n ito re d  
a t a l l  tim e s  us ing  tw o  th e rm ocoup les  a ttached  to  the  sam ple b u lb . The
■7
num ber o f  good events recorded fo r  each e xp e rim e n t was a b o u t 5x10  , 
re q u ir in g  a p p ro x im a te ly  tw o  hours  o f  co n tin u o u s  beam tim e . The num ber 
o f  events can be varied depending on the  p o s it io n  and s tre n g th  o f  the  
s igna ls  be ing s tud ied . A t  PSI the  pSR s p e c tro m e te r has ava ilab le  abo u t 
8000  b ins , w h ich  are d iv ided  e q u a lly  a m o n g s t the  fo u r  d e te c to rs . The 
w id th  o f  the  b ins  is se lected acco rd ing  to  the  tim e  o r  frequency
re s o lu tio n  requ ired . The upper and lo w e r l im its  o f  observab le  TF-pSR 
frequenc ies  are cons tra ined  by severa l e xp e rim e n ta l l im it in g  fa c to rs . The 
lo w e s t frequency  is re s tr ic te d  to  the  o rd e r o f  100 K H z by the  tim e
in te rv a l o f  the  data  gate. W here the  da ta  gate  is the  t im e  in te rv a l
a llo w e d  to  elapse fo r  the  de tec tion  o f  a good  event be fo re  the  e le c tro n ic
c ir c u it r y  is rese t. The data gate u s u a lly  ex tends over several m uon
life t im e s  ( ~ 10 ps) .  The h ighes t fre q u e n cy  to  be reso lved  is  dependent 
upon the  tim e  re s o lu t io n  o f the  in tr in s ic  e le c tro n ic s  w h ich  l im its  the  
h ig h e s t frequenc ies  to  several hundred  M H z.
The pSR expe rim en ts  a t PSI w ere  c o n tro lle d  and th e  da ta  c o lle c te d
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us in g  a DEC c o m p u te r system . The c o lle c te d  da ta  w ere then  tra n s fe rre d  
to  a DEC V A X  8650 fo r  co m p le te  ana lys is , in v o lv in g  tra n s fo rm a tio n  o f  
th e  h is to g ra m s  in to  F o u rie r space and f i t t in g  o f  th e  frequency  s ig n a ls  to  
th e  th e o re tic a l fo rm  H ( t )  us ing  th e  M IN U IT  f i t t in g  ro u tin e . A  n um be r o f  
b o o ks  C28, 29, 303 and severa l papers [31, 32, 333 have com prehens ive ly  
re p o rte d  th e  th e o re tic a l and e xp e rim e n ta l aspects  o f  transverse  f ie ld  pSR.
1.4.2 T h e o re tica l B ackg roun d  to  TF-pSR
The e v o lu tio n  o f  th e  m uon  sp in  p o la r iz a tio n  is  dependent upon  the 
m a g n e tic  s ta te  o f  the  m uon a f te r  im p la n ta t io n  w ith in  the  sam ple. 
M a g n e tic  in te ra c tio n s  be tw een  the  m uon and in te rn a lly  genera ted  o r 
e x te rn a lly  app lied  m a g n e tic  f ie ld s , o r  a c o m b in a tio n  o f  b o th , de te rm ine  
th e  observed e v o lu tio n  o f  the  p o la r iz a tio n . F o r m uon ium  s u b s titu te d  
ra d ica ls  fo rm e d  in  th e  l iq u id  phase, w h ich  are th e  p r in c ip a l species o f  
in te re s t  in  th is  thes is , th e  sp in  H a m ilto n ia n  describ ing  th e  m agne tic  
in te ra c tio n s  experienced b y  th e  m uon is
A A A  A  A A A
H  = H  11 + H e + Z  H  + H  + Z H  + Z H  (1.8)z z 1 z lie i lii J ei
w here  th e  f i r s t  th re e  te rm s  are th e  Zeem an te rm s  re p re se n tin g  the  
in te ra c t io n  o f  th e  m uon, th e  unpa ired  e le c tro n  and th e  m agne tic  nuc le i 
w ith  a m agne tic  f ie ld . The re m a in ing  te rm s  are the  F e rm i c o n ta c t 
in te ra c tio n s  a ris in g  fro m  th e  co u p lin g  be tw een  the  d if fe re n t  m agne tic  
species p re se n t w ith in  th e  system . The exp ress ion  neg lects  th e  n e g lig a b ly
A
s m a ll in te rn u c le a r te rm , Z H . . .  The fo rm  o f  the  H a m ilto n ia n  p resen ted
ij
assum es th a t  the  ra d ica l can be cons ide red  to  be an iso la te d  species and 
th e re fo re  neg lec ts  a ll  in te rm o le c u la r  in te ra c tio n s . F u rth e r, due to  the
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ra p id  tu m b lin g  m o tio n s  experienced by the  ra d ica l in  the  liq u id  phase, the  
d ire c t  d ip o le -d ip o le  in te ra c tio n s  average to  ze ro  and are a lso  n e g le c te d  in  
e q u a tio n  (1 .8).
The H a m ilto n ia n  is m ore u su a lly  w r it te n  in  the  fo rm
A A A A A A  A A
H  = G>e Sz -  G ) ^  -  l o i l i  + A ^ S . l *  + Z A i S . I 1 (1.9)
i i
w he re  i t  is  assumed th a t the  rad ica l is in  a non -v iscous  liq u id  and 
experiences an app lied  f ie ld  B, in  the  z -d ire c tio n . The Zeeman in te ra c tio n s  
are expressed in  te rm s  o f  the  L a rm o r p recess ion  frequencies, <oe , gj^  and 
G)|, o f  th e  m uon , the  e le c tro n  and the  i th  n u c le i re sp e c tive ly  and the
A A Aj
sp in  op e ra to rs , Sz , I z and I z , o f  each o f  these p a rtic le s . The Ferm i 
c o n ta c t te rm s  have been re w r it te n  in  te rm s  o f  the  h yp e rfin e  co u p lin g  
c o n s ta n ts  A ^  and A j and the  co rrespond ing  sp in  ope ra to rs . The h yp e rfin e  
c o u p lin g  cons tan ts  p rov ide  a measure o f  the  unpaired e le c tro n  sp in  
d e n s ity  a t the  s ite  o f  the  m uon and the  m a g n e tic  nuc le i. F o r m agne tic  
f ie ld s  o f  abou t 0.02 T  the  co u p lin g  be tw een  the  nuc le i and th e  unpa ired  
e le c tro n  becomes very s m a ll [ 3 2 ]  and the  H a m ilto n ia n  is  s im p lif ie d  to
A A A A A A
H  = G)e Sz -  g) ^ I /  -  + A ^ S .I* 1 (1.10)
i
The  above H a m ilto n ia n  is used to  describe  the  m agnetic  in te ra c tio n s  
experienced by a m uon in  a m uon ium  s u b s titu te d  rad ica l unde r a h igh  
tra n sve rse  m agnetic  f ie ld .
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1.4.3 E v o lu tio n  o f  M uon  Spin P o la r iza tio n  under a T ransverse M a g n e tic  
F ie ld
The th e o re tic a l m e thod  fo r  e va lua tin g  the e vo lu tio n  o f  th e  m uon  sp in  
p o la r iz a tio n  w ith  tim e  in  d if fe re n t  chem ica l s ta tes  has been deve loped by 
severa l au tho rs  [31, 32, 34, 35, 36 ] ,  in  p a r t ic u la r  fo r  m uon ium  s u b s t itu te d  
ra d ica ls  by Roduner and F ischer [31, 32] .  A  s h o rt o u t lin e  o f  the  
th e o re tic a l d e sc rip tio n  o f  m uon ium  s u b s titu te d  rad ica ls  in  transve rse  
m agne tic  f ie ld s  is p resen ted  here. I t  is assumed in  th is  d e s c r ip t io n  th a t 
th e  tim esca le  fo r  rad ica l fo rm a tio n  is s h o r t com pared to  the  inve rse  o f  
the  hyp e rfin e  and Zeeman in te ra c tio n  frequencies. Th is  a ssu m p tio n  im p lie s  
th a t  the re  is no loss o f  p o la r iz a tio n  d u rin g  rad ica l fo rm a tio n  and th a t 
th e  in it ia l  p o la r iz a tio n  o f  the  ra d ica l system  is e q u iva le n t to  th e  beam  
p o la r iz a tio n  P.
The e vo lu tio n  o f  the  sp in  p o la r iz a tio n  is de tec ted  in  an a rb itra ry  
d ire c tio n  q de fined  by th e  o b se rva tio n  axis o f  the  p o s itro n  d e te c to r. The 
observed p o la r iz a tio n  is de fined  as the  e xpec ta tio n  value o f  th e  P au li sp in  
o p e ra to r oq [ 3 7 ,  38 ] .
Pq ( t )  = < o q > (1.11)
The p o la r iz a tio n  can a lso  be expressed as a H eisenberg e xp ress ion  in  
te rm s  o f  the  dens ity  o p e ra to r p ( 0 )  o f  the  system
Pq ( t )  = T r { £ ( 0 ) .  Sq ( t ) } ( 1.12)
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w here  o q ( t )  has the  fo rm  [ 3 8 ] ,
A A A A
<3q ( t )  = e x p ( i H t / h )  oq e x p ( - i H t / h )  (1.13)
A
and H  is  the  sp in  H a m ilto n ia n  given by  express ion  (1.9). E q u a tio n  (1.12)
A
can th e re fo re  be eva lua ted  d ire c t ly  us ing the  e ig e n fu n c tio n s  I n > o f  H, 
w h ic h  are lin e a r co m b in a tio n s  o f  p ro d u c t sp in  fu n c tio n s .
I n >  = Z  c n j l x j > (1.14)
1
w here  I X j >  rep resen ts  a basis o f  p ro d u c t sp in  fu n c tio n s
I X j > = I X j O  l x j e > n IXj>> ( US)
U s in g  the  f o r m i i ^ io n  o f  Roduner and F ischer [  32 ], w h ich  e s s e n tia lly  
assum es th a t the  e le c tro n  and nuc le i are unpo la rized  and uncoup led  fro m  
th e  m uon, p ( 0 )  is th e n  expressed in  a basis co rrespond ing  to  
q u a n tiz a tio n  o f  sp ins in  th e  d ire c tio n  o f  the  beam p o la r iz a tio n  b.
p (o) = p<MO) ® pe(0) €) n P*(0)
i
(1.16)
= 1/ 2 ( 1+p 0 ) « i i e ® n  i i l 
0 1 - p J  2 1 2 F m
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A
and dq is  expressed in  a basis co rrespond ing  to  q u a n tiz a tio n  a lo n g  q, the  
ax is  o f  obse rva tion .
A A A _  A ,
o q = oq n a  ®  IT a*
i
" ( ' o ' ! ) *  ie •
T ak ing
■ f1 °\  0 -1
and
Then equa tion  (1.16) can be w r it te n  as
(1.17)
= (1.18)
N  = 4 IT ( 2 I 1 + 1) (1.19)
p ( 0 )  = N -1 {  1^  + P . oh }  0  l e «  n  l 1 (1.20)
The express ion  ob ta ine d  by s u b s t itu t in g  (1.20) in to  (1.12) and n o tin g  th a t 
T r ( d a ) = 0 leads to  an eas ily  eva luated express ion  fo r  P _ ( t ).
P q ( t )  = T r  {  N " 1 d q ( t )  + N _1P 3 b o q ( t )  }
= P T r  {  o b . o q ( t )  }  (1.21)
N
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F o r the  case o f  a transve rse  m agne tic  f ie ld  b = q  = x  and th e re fo re  (1.21) 
becom es
P q ( t )  = P T r  {  3 q a q ( t )  }  (1.22)
N
A  A
As H  and <3 q are Hermitian operators and i f  I m > and I n > are
A
o rth o n o rm a l e igenvecto rs  o f  H  w ith  e igenva lues h(om  and ho>n 
respec tive ly ; equa tion  (1.22) can be expressed as
Pq ( t )  = P Z 2  <mloqSq(t)ln> (1.23)
N  m  n
S u b s titu t in g  exp ress ion  (1.13) in to  (1.23)
Pq ( t )  = P Z Z < m I 3q exp ( iHt/"h)<3q e x p ( - iH t / l i )  I n>
N m  n
= P Z  Z  I < m l 5 q l n > l 2 e x p ( i w m n t )  (1.24)
N  m  n
Since Pq ( t )  is an obse rvab le  p ro p e rty
Pq ( t )  = P Z Z I < m  I <3q I n  > I2 cos(<om n t )  (1.2S)
N m n
by express ing  the  e ig e n fu n c tio n s  I m  > and I n > in  te rm s  o f  th e  bas is  sp in  
fu n c tio n s  (1.14) and assum ing  th a t  the  m a g n e tic  f ie ld  is  app lied  
tra n sve rse ly  (q= b= x), then
< m l S x l n >  = Z Z O c n k < X j l S x l y k > (1.26)
J k
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and since ox is a muon spin operato r
< m I l n >  = 2  2  c * j c n k < x j l l l S x ^ l x i J > 8 j k e n 8 j l i  (1.27)
j k  1
T he re fo re  the  f in a l exp ress ion  fo r  the  e v o lu tio n  o f  th e  m uon sp in  
p o la r iz a tio n  in  a transve rse  m agne tic  f ie ld  is  ob ta ine d  by  s u b s t itu t io n  o f  
equa tion  (1.27) in to  (1.2S) to  give
Px ( t )  = P I  X  I X  Z  c ^ l j c n k < X j txl S xtxI X i ? > S j ke n 8 j k |2cos(G)m n t )  (1 .28)
N m n j k
E xp e rim e n ta l s tu d ie s  o f  m uon ium  s u b s titu te d  ra d ica ls  us ing  the
techn ique  o f  transve rse  f ie ld  pSR have ind ica ted  th a t th e re  is  in co m p le te
tra n s fe r  o f the  in i t ia l  beam p o la r iz a tio n  to  the  chem ica l s ta te s  fo rm e d  on 
m uon im p la n ta tio n  C9, 16, 39]. The lo s t  p o la r iza tio n , PL , is de fined  as
PL = 1 -  Pd  -  2 Pr  (1-29 )
R
w here PD is  the  fra c t io n  o f  the  p o la r iz a tio n  co rre sp o n d in g  to  m uons in
d iam agne tic  env ironm en ts  and Z  P r  is the  fra c t io n  co rre sp o n d in g  to
R
m uons in  m uon ium  s u b s titu te d  rad ica ls . I t  has been p roposed  th a t  in  
aqueous system s the  lo s t  p o la r iz a tio n  is a consequence o f  sp in  exchange 
processes o ccu ring  betw een m uon ium  fo rm ed  w ith in  1 ps o f  m uon
im p la n ta tio n  and param agnetic  species in  the ra d ia tio n  s p u r caused by the  
passage o f  the  ene rge tic  m uon th ro u g h  the  m ed ium  C9, 39] .  I t  has 
how ever been re c e n tly  show n th a t the  lo s t  p o la r iz a tio n  observed  in  
ce rta in  TF-pSR exp e rim e n ts  can be accounted fo r  us ing the  le ve l c ro ss in g  
resonance pSR [ 4 0 ]. These re s u lts  ind ica te  th a t  th e  loss  o f  sp in
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p o la r iz a tio n  is  n o t th ro u g h  a sp in -exchange  m echanism  b u t  p ro v id e  no 
e xp la n a tio n  as to  loss  o f  p o la r iz a tio n  observed in  the  co rre sp o n d in g  
TF-pSR re s u lts .
1.4.4 S e lec tion  Rules fo r  pSR T ra n s itio n s
From  equa tion  (1.28)  i t  can c le a r ly  be seen th a t c o n tr ib u t io n s  to  the  
m uon p o la r iz a tio n  arise  o n ly  fro m  tra n s it io n s  betw een th e  s ta te s  I m  > and 
I n > co rrespond ing  to  p ro d u c t sp in  fu n c tio n s  I Xj > and I x k  > o f  the  fo rm  
o f  (1.15). I t  is  a lso  obv ious fro m  th is  exp ress ion  th a t  these sp in  
fu n c tio n s  d i f fe r  in  th e  m uon b u t  n o t in  the  e le c tro n  o r  nuc lea r 
com ponen ts . F o r lo w  to  in te rm e d ia te  transverse m agne tic  f ie ld s  the 
H a m ilto n ia n  (1 .9) m ixes e ig e n fu n c tio n s  o f  equal to ta l m agne tic  quan tum  
num ber M , M  = + m e + 'Z m 1, w h ich  leads im m e d ia te ly  to  the  ^iSR
i
se le c tio n  ru le .
A M  = ±  1 (1 .30)
A lte rn a tiv e ly  th is  se le c tio n  ru le  can be derived th ro u g h  co n s id e ra tio n  o f
the  in te n s itie s  o f  the  tra n s it io n s . The am oun t o f  m uon  p o la r iz a tio n
associated w ith  a frequency  u m n , co rrespond ing  to  the  in te n s ity  o f  the
A 2
tra n s it io n , is  p ro p o r t io n a l to  the  tra n s it io n  m om en t I < m  I <3q  I n > I . F o r 
the  case o f  a tra n sve rse ly  app lied  m agne tic  f ie ld  (q=x )
3 X = 1 / 2  ( a *  + c~ )  (1.31)
w h ich  im p lies  th a t  the  tra n s it io n  is non -ze ro  o n ly  w hen the  to ta l
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m agne tic  m om e n t o f  the  s ta tes  I m  > and I n > obeys the  se le c tio n  ru le  
(1 .30).
A s  the  e x p e rim e n ta l re s u lts  re p o rte d  in  th is  th e s is  are m a in ly  
concerned w ith  th e  s tu d y  o f  m uon ium  s u b s titu te d  ra d ica ls  in  h igh  
transverse  m agne tic  f ie ld s  i t  is im p o rta n t to  cons ide r th e  se le c tio n  ru le s  
app licab le  to  these species. In a h igh  transverse  f ie ld  ( I B I ^  0.02 T )  the  
e ig e n fu n c tio n s  I m  > and I n > become pure  sp in  p ro d u c t fu n c tio n s  since 
th e  spins o f  the  m uon, the e le c tro n  and the  m agne tic  nuc le i are 
e ffe c tiv e ly  decoup led. T he re fo re  the  c o e ffic ie n ts  o f  (1.14) are u su a lly  one 
o r  zero  and the  s ta te s  are then  characte rized  by the  m agne tic  quan tum  
num bers m 11, m e and a l l  m 1. Hence fro m  equa tion  (1 .28) i t  fo l lo w s  th a t 
th e  se lec tion  ru le s  f o r  m uonium  s u b s titu te d  species in  h igh  transverse  
m agne tic  f ie ld s  are
A m 11 = ± 1 , A m e = 0, A m 1 = 0 (1.32)
A  m ore co m p le te  d e s c r ip tio n  o f  the  th e o ry  o f  TF-pSR fo r  a genera l 
param agnetic  m uon ium  s u b s titu te d  species in  a h igh  transve rse  m agnetic  
f ie ld  is given in  th e  n e x t section .
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1.5 H ig h  T ransverse  F ie lds : M uon ium  and M u o n iu m  S u b s titu te d  Radicals
1.5.1 M uon ium
The s im p le s t pa ram agne tic  species th a t  can be cons ide red  is  th a t o f  
m uon ium . The H a m ilto n ia n  describ ing  th e  m a g n e tic  in te ra c tio n s  o f  th is  
sys tem  under a tra n sve rse ly  app lied  m agne tic  f ie ld  is
H  = <De Sz -  o )^ Iz + A ^ S . I  (1.33)
w here  i t  is  assum ed th a t  the  f ie ld  is  app lie d  a lo n g  the  z -d ire c t io n  and
A A
th a t  S and I  are the  e le c tro n  and m uon sp in  o p e ra to rs , respec tive ly . The 
h y p e rfin e  co u p lin g  te rm  can be expressed in  te rm s  o f  ra is in g  and 
lo w e r in g  o pe ra to rs .
A A  A A  A A  A A
S . I  = 1 /2  ( S T  + S T )  + S T  (1.34)
w here
S + -  Sx  + iS y
S = Sx -  iS y  (i.3 S )
A A
and s im ila r  exp ress ions are used fo r  I + and I - . The H a m ilto n ia n  can be 
re w r it te n  as
A A A  A A A A A A
H  = g> T  -  CO.,I, + A,. C l / 2  ( S T  + S T )  + S T ]  (1.36)
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w h ic h  is  so lva b le  us ing  the  e ig e n fu n c tio n s  o f  th e  sp in  o p e ra to rs
A
I z as in i t ia l  basis fu n c tio n s .
I a tta e >, l a ^ 3 e >, lp l la e >, I3 l l3 e >
The re s u lt in g  e igenenerg ies o f  (1.36) are
E j = io_ + A ^ / 4
E2 = ( (j)+2 + A(12 / 4 ) 1/' 2 -  A ^ /4
E3 = -to_ + A ^ /4
E4 = - ( (d+2 + A j12 / 4 ) 1/'2 -  A ^ /4
w here
(o+ = l / 2 ( o e ± o)^)
The e ig e n fu n c tio n s  co rre sp o n d in g  to  these e igenenerg ies are,
11 > = I a a^Cg >
12 > = S10^ 3e > + C I 3 lia e >
I3> = I3tl3e>
I 4> = C I 3 e > -  SI3ltae >
here
S 
C
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= 1 / - / 2  Cl -  2co+/ ( A lt2 + 2to+ ) 1 / 2 ] 1 / 2  
= 1 / - /2  [  1 + 2 g>+ / ( A 112 + 2 w + ) 1 / 2 ] 1 / 2
Sz and
(1.37)
(1.38)
(1.39)
(1 .40)
(1.41)
U s in g  the  e igenenerg ies (1 .38) and the  se le c tio n  ru le  (1 .32) the  a llo w e d  
pSR tra n s it io n  frequenc ies  o f  m uon ium  are
w 12 = E t -  E 2 = u_  -  ( w +2 + A j S / 4 ) 1' 2 + A ^ / 2  
(*)23 = ^ 2  “  ^ 3  = <ji-  *  *  A ^ 2 / 4 ) 1 / 2  -  A ^ / 2
(L42)
W14 = E j -  E 4 = 0)_ + ( u +2 + A ^ / 4 ) + A ^ / 2
034, — E3 ~ E4 -  co  + (to+2 + A^2 / 4 ) + A ^ / 2
The v a ria tio n  o f  the  energy leve ls  o f  m uon ium  w ith  m agne tic  f ie ld  
s tre n g th  is  d isp layed  in  F igure  1.4, in  the  fo rm  o f  a B re it-R a b i d iagram  
[413. The fo u r  a llo w e d  tra n s it io n s  are m arked  on the  F igure . In  lo w  
fie ld s  o n ly  the  co12 and o 23 tra n s it io n s  are observed and are e ffe c tiv e ly  
degenerate. The frequencies o f  the  g ) 1 4  and o ) 3 4  t ra n s it io n s  are to o  la rge  
to  be eas ily  reso lved  over a ll f ie ld  s tre n g th s .
1.5.2 M u on ium  S u b s titu te d  Radicals
In  the  case o f  m uon ium  s u b s titu te d  ra d ica ls  the  unpa ired  e le c tro n  
coup les  w ith  a num ber o f  o th e r m agnetic  n u c le i in  a d d it io n  to  co u p lin g  
w ith  the  m uon. The sp in  H a m ilto n ia n  describ ing  the  m agne tic  in te ra c tio n s  
o f  the  ra d ica l is
A A A A A  A A  A ,
H  = u eSz -  + A ^ S . I  -  Z  W i V  + 2  A j  I . S (1 .43)
i i
A.
w here  I  is  the  nuc lea r sp in  o p e ra to r and A t is  the  n u c le u s -e le c tro n  
h yp e rfin e  co u p lin g  co n s ta n t. A t  h igh  transve rse  f ie ld s  th e  nuc lea r
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ne
rg
y
12
1 4
3 4
F igure  1.4 B re it-R ab i d iagram  fo r  m uon ium .
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in te ra c tio n s  are s m a ll and can th e re fo re  be tre a te d  as a p e r tu rb a tio n  o f  
th e  z e ro -o rd e r H a m ilto n ia n .
H CO) = G)e Sz -  + A „ S . I  (1 .44)
w h ich  is  th e  s p in  H a m ilto n ia n  desc rib ing  th e  in te ra c tio n s  o f  the  m uon 
and the  e le c tro n  and is  e qu iva le n t to  th e  m uon ium  H a m ilto n ia n  (1.33). 
U s in g  as an in i t ia l  bas is  se t the  sp in  p ro d u c t fu n c tio n s
a „ a e > I T l F i M i >, I a „  3e > I I I  Fj  M i  >
i I
Pt l 3 e > n i F i M i >, i p t l a e > n i F i M i >
i i
(1.45)
w here  F i and M | are sp in  quan tum  num bers used to  cha rac te rize  the  sp in  
s ta te s  o f  nuc leus  i, i t  is  p o ss ib le  to  de te rm ine  th e  f i r s t -o rd e r  
eigenenergies.
E i (1) = 1 / 2  Z  A j M i  -  Z  Wj M j
i i
E 2 (1) = 1 / 2  Z  A i  M i  ( C 2 -  S2 ) -  s  W jM i
i  i  (1.46)
E 3 (1) = - 1 / 2  Z  A iM i -  Z  W iM j
i i
E 4 (1) = - 1 / 2  z  A i M j ( C 2 -  S2 ) -  z  W i M i
1 i
w here  the  te rm s  C and S are de fined  as in  equa tio n  (1.41). The 
f ir s t - o rd e r  c o rre c te d  a llo w e d  pSR tra n s it io n  frequenc ies  are th e re fo re .
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(1.47)
Mu Mu Mu Mu< m m m  , m  tl , r  , - ,
here  g)12» 0)23’ 1014 a <l)34 are tra n s it io n  . frequenc ies  observed m  
m u o n iu m  and can be expressed by  equa tions  (1 .42) .  In  h igh  transverse  
m a g n e tic  f ie ld s  o f  a b o u t 0.02 T  R oduner and F ische r C 32 3 have show n 
th a t  s e co n d -o rd e r c o rre c tio n s  to  the  e igenenerg ies and tra n s it io n  
frequenc ie s  are s m a ll and can be neg lected.
In  th e  h igh  m agne tic  f ie ld s  used in  TF-pSR e xp e rim e n ts  o n ly  tw o  
tra n s it io n s  (o12 anc  ^ ° 3 4  are observed. T h is  is a consequence o f  the  
in te n s it ie s  o f  the  tra n s it io n s  (d12 and 0)34  be ing  p ro p o r t io n a l to  C ; since 
C 1 and S 0 as B 00 o n ly  a>12 and 0 3 4  are observed. The [iSR 
s p e c tru m  o f  a m uon ium  s u b s titu te d  ra d ica l in  a h igh  transve rse  f ie ld  is 
th e re fo re  cha rac te rized  by  tw o  precession s igna ls  as show n in  F igure  1.3. 
The m u o n -e le c tro n  hyp e rfin e  coup ling  co n s ta n t, A ^ , can be derived fro m  
the  observed  frequenc ies  us ing the  re la tio n s h ip
The nega tive  s ign  in  th is  equation app lies to  f ie ld s  above I B I = 3.6721 I 
m T  C 4 2 ]  due to  th e  c ross ing  o f  the  E j and E 2 energy leve ls . A  d ire c t 
co m p a riso n  o f  th e  m u o n -e le c tro n  c o u p lin g  co n s ta n t, A p, and the  
ana logous p ro to n -e le c tro n  co u p lin g  co n s ta n t, A p , can be made by 
co n s id e rin g  th e  reduced hype rfine  co u p lin g  c o n s ta tn t A p . A p is de fined  
as th e  observed m u o n -e le c tro n  co u p lin g  scaled by  the  ra t io  o f  th e  m uon 
and p ro to n  m agne tic  m om ents, ( A p = A p x  ^ p / t i ^ ) .
I A p I -  I (i) J2 1 + I 6)34  I (1.48)
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1.6 C o n fo rm a tio n a l and In te rn a l R o ta tion  S tud ies  o f  M u o n iu m  S u b s titu te d  
Radicals
1.6.1 A na lys is  o f  pSR S pectra
F o r m uon ium  s u b s titu te d  rad ica ls  fo rm e d  in  th e  l iq u id  phase i t  is 
im p l ic i t ly  assum ed th a t th e  in te rm o le c u la r ra d ic a l-s o lv e n t in te ra c tio n s  are 
s m a ll w ith  respec t to  the  in tra m o le c u la r in te ra c tio n s . In  the  ana lys is  o f  
th e  pSR spec tra  o f  m uon ium  s u b s titu te d  ra d ica ls  th e  in te rm o le c u la r  
in te ra c tio n s  are neg lec ted  and i t  is th e re fo re  assum ed th a t the  rad ica l 
can be tre a te d  as an iso la te d  species. Each good  event reco rded  in  a 
TF-pSR  h is to g ra m  corresponds to  the d e te c tio n  o f  a s in g le  ra d ica l in  the  
sam ple . The re s tr ic t io n  to  the  presence o f  a s in g le  ra d ica l in  the  sam ple 
is  im posed by the  s in g le  co u n tin g  d e te c tio n  m e thod  used in  TF-(iSR. The 
sum  over each o f  the  tra n s ie n t rad ica ls  fo rm e d  on m uon  im p la n ta tio n  is 
e q u iva le n t to  the  s tanda rd  canonica l ensem ble. T h is  m ode l is suppo rted  
by  th e  w ide  success o f  TF-^iSR in  the  s tu d y  o f  m uon ium  s u b s titu te d  
ra d ica ls  in  the  liq u id  phase.
To  unders tand  the  analysis o f  the  da ta  ob ta ine d  fro m  the  (iSR
e xpe rim en ts  p resented  in  th is  thesis i t  is necessary to  cons ide r the
e ffe c ts  o f  nuc lea r m o tio n s  on observed m o le c u la r p ro p e rtie s , in  p a r t ic u la r  
th e  m u o n -e le c tro n  hype rfine  coup ling  co n s ta n t. The e f fe c t  o f  the
v ib ra tio n a l m o tio n  o f  the  nuc le i in  a m o lecu le  on m o le cu la r p ro p e rtie s  is 
th e  sub jec t o f  la te r  chapters . In th is  se c tio n  the  in flu e n c e  o f  in te rn a l 
ro ta t io n  on m o le cu la r p ro p e rtie s  is cons idered . In te rn a l m o tio n s  are
n o rm a lly  described in te rm s  o f  in te rn a l co o rd ina te s ; w h ich  are the  bond  
le n g th s , bond angles and to rs io n  angles used to  spec ify  the  c o n fo rm a tio n  
o f  th e  rad ica l. T w o  classes o f  in te rn a l m o tio n s  are poss ib le . The f i r s t
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class kn o w n  as s m a ll a m p litu d e  m o tio n s  in vo lve  s m a ll d isp lacem en ts  o f  
the  in te rn a l coo rd ina te s  fro m  th e ir  e q u ilib r iu m  va lues. T yp ica l s m a ll 
a m p litu d e  m o tio n s  are bond s tre tc h in g  and ang le  bend ing. The second 
type  o f  in te rn a l m o tio n  arises fro m  la rge  a m p litu d e  m o tio n s  w h ich  re s u lt  
in  la rge  dev ia tion s  o f  the  in te rn a l coo rd ina te s  fro m  th e ir  values a t the  
e q u ilib r iu m  c o n fo rm a tio n  o f  the  rad ica l. T o rs io n a l and inve rs ion  m o tio n s  
are exam ples o f  la rge  am p litu d e  m o tions .
A t  the  te m p e ra tu re s  a t w h ich  TF-^iSR da ta  are u su a lly  ob ta ined  the re  
is a B o ltzm ann  d is tr ib u t io n  among the  ra d ica l's  v ib ra tio n a l m a n ifo ld . 
T ra n s itio n s  be tw een v ib ra tio n a l s ta tes  o f  the  ra d ica l are rap id  on th e  (iSR 
tim esca le . T h e re fo re  any observed p ro p e rty  o f  the  ra d ica l w i l l  be averaged 
over the p o p u la te d  v ib ra tio n a l s ta tes. These v ib ra tio n a l s ta tes  in c lu d e  
b o th  the la rge  and sm a ll a m p litu d e  m o tio n s  o f  the  rad ica l. For ce rta in  
m uon ium  s u b s titu te d  rad ica ls  the observed m u o n -e le c tro n  co u p lin g  is 
s tro n g ly  iso to p e  dependent [14, 43, 4 4 ] .  ESR s tud ies  o f  a lk y l ra d ica ls  
show  a s im ila r  te m pe ra tu re  dependence in  th e  (3-hyperfine c o u p lin g  [ 4 5 ] .  
T h is  te m pe ra tu re  dependence m u s t arise fro m  the  d iffe re n ce  in  the 
p o p u la tio n s  o f  the  v ib ra tio n a l s ta tes  a t the  d if fe re n t  te m p e ra tu re s  
s tud ied .
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1.6.2 Tem pera ture  Dependence o f  the  (3— H ype rfine  C o u p lin g  C o n s ta n t
I t  is believed th a t the  p rin c ip a l in te rn a l m o tio n  gove rn ing  th is  
tem pera tu re  dependence is the  la rge a m p litu d e  to rs io n a l m o tio n  abou t the  
ce n tra l bond a t w h ich  m uonium  s u b s titu t io n  occurs. T h is  m o tio n  is 
i l lu s tra te d  fo r  the  m uon ium  s u b s titu te d  e th y l ra d ica l in  F igure  1.5.
F igure  1.5 Newman p ro je c tio n  o f the m uon ium  s u b s titu te d  e th y l rad ica l.
w here  0 is the  to rs io n  angle between the C -  M u bond and the  z -a x is  o f  
the  2pz o rb ita l cen tred  on the a -ca rbon . The to rs io n a l m o tio n  is 
described by cons ide ring  the  va ria tion  o f  d, w h ile  keeping the  rem a in ing  
in te rn a l coord ina tes fixe d . M uon ium  s u b s titu t io n  occurs a t the  (3-carbon 
and the to rs io n a l m o tio n  o f  in te re s t th e re fo re  occurs abo u t the  C a -  Cg 
bond.
The dependence o f  the  is o tro p ic  (3— hype rfine  co u p lin g  c o n s ta n t o f  
ce rta in  m uonium  s u b s titu te d  rad ica ls  and th e ir  iso to p o m e rs  can be 
expressed, due to  th e ir  sym m e try , in  the  fo rm  o f  a F o u rie r expansion o f  
even term s.
H
H
H
Ap(0) = A0 + A2cos20 + A4cos4$ + (1.49)
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I t  is  assum ed th a t  the  h igher o rd e r te rm s  are s m a ll and th a t  the  
express ion  can be tru n ca te d  a f te r  the  second te rm  and re w r it te n  in  the 
H e lle r-M c C o n n e l [ 46 ] fo rm .
w here A  is an angle independent te rm  th o u g h t to  arise  fro m  sp in
dens ity  a t the  fF-nucleus.
F o r s im p le  rad ica ls  i t  is poss ib le  to  describe  the  tem pe ra tu re  
dependence o f  the  $ -h yp e rfin e  coup ling s  in  te rm s  o f  re la tio n s h ip  (1.501 
Th is  express ion  can be used in  a quantum  m echan ica l averaging techn ique 
[ 4 7 ,  48, 49, 50 3 th a t f i t s  exp e rim e n ta lly  observed coup ling s  to  th e o re tic a l 
values. F rom  th is  procedure  i t  is poss ib le  to  derive  in fo rm a tio n  on the 
dependence o f  th e  to ta l m o le cu la r energy on th e  to rs io n a l m o tio n  and 
hence on the  b a rr ie r  to  in te rn a l ro ta tio n  a b o u t th e  C a -  Cg bond. In  
a d d itio n  fu r th e r  in fo rm a tio n  on fa c to rs  in f lu e n c in g  the  e q u ilib r iu m  
co n fo rm a tio n  o f  the  rad ica l can be extrac ted .
1.6.3 Theory o f  R o ta tio n a l Averaging
The tre a tm e n t o f  in te rn a l ro ta t io n  assumes th a t  the  la rge  a m p litu d e  
to rs io n a l m o tio n  can be separated fro m  s o lv e n t in te ra c tio n s ; and 
ro ta t io n a l and v ib ra tio n a l m o tions . In  th is  a p p ro x im a tio n  the  m o lecu le  
m u s t a t any in s ta n t be in one o f  the  to rs io n a l s ta tes  ob ta ined  by 
s o lu t io n  o f  th e  to rs io n a l H am ilton ian .
A p ( $ )  = A  + B c o s 2 8 (1.50)
p o la r iz a tio n  and the  te rm  B describes the  ang le  dependence o f  the  sp in
(1.51 )
d $ 2
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H ere  I is  th e  reduced m om en t o f  in e rtia  o f  th e  m o lecu le , de fined  as
I = I j  I 2 (1.52 )
I i  ♦ I
w here  I*  and I 2 co rrespond  to  the  m om en ts  o f  in e r t ia  o f  the  tw o  
c o n tra - ro ta t in g  g roups  abou t the  axis o f  ro ta t io n ,  a t th e  e q u ilib r iu m  
c o n fo rm a tio n  o f  the  rad ica l. The te rm  V O )  describes the  p o te n tia l 
energy h in d e rin g  the  in te rn a l ro ta t io n . E qua tion  (1.51 ) can be so lved by 
tre a tin g  th e  p o te n tia l b a rr ie r  as a p e r tu rb a tio n  o f  the  fre e -ro ta t io n  
H a m ilto n ia n , H*.o )
H (o )  = - h  c)2 (1.53)
21 d O
The in te rn a l ro ta t io n  H a m ilto n ia n  can th e re fo re  be re -exp ressed  as
H  = H ( o )  + H (1) (1.54)
w here
H (1) = V O )  (1.55)
The e ig e n fu n c tio n s , 4>n , o f  the  free  in te rn a l ro ta t io n  H a m ilto n ia n  are o f  
the  fo rm
*„  =j_e (1.56)
/  2 7 t
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and can be used as a set o f  basis fu n c tio n s  fro m  w h ich  the  
e igen fu nc tions , <|>j, o f  the to rs io n a l H a m ilto n ia n  can be ca lcu la ted . The 
re s u lt in g  e ig e n fu n c tio n s  are expressed as lin e a r expansions o f  the  free  
ro ta t io n  e ig e n fu n c tio n s .
_  ± i m ■&
= J  2  c n e n = -co, oo (1.57)
V 2 tc n j  = 1, 2n + 1
F o r m o lecu les  in  w h ich  the to rs io n a l m o tio n  has a p e rio d ic  nature , the  
p o te n t ia l energy can be expressed as a F o u rie r series o f  even te rm s.
V ( 8 )  = 2  V m (1 + c o s m O )  (1.58)
w here  V m is th e  b a rr ie r  to  in te rn a l ro ta t io n . The eigenenergies and 
e ig e n fu n c tio n s  o f  the  to rs io n a l H a m ilto n ia n  are th e re fo re  ob ta ined  by
A
d ia g o n a liza tio n  o f  the  secu la r de te rm inan t, < 4>k I H  I c|>j > . The e lem ents 
o f  th e  secu la r d e te rm in a n t are
H „ „  = - t l  n 2 *  S  Vnn “ 11 11 ^  T m
21 m 9
H nn- = - V m n' = n + m, n - m  (1.59)
H nn- = 0 n ’ = n + m ,  n - m
In  the  pSR exp e rim e n t the tra n s it io n s  be tw een  d if fe re n t to rs io n a l 
s ta te s  can n o t be observed, th e re fo re  the  observed $ -m u o n -e le c tro n  
h yp e rfin e  c o u p lin g  co n s ta n t, A p ( y ) ,  w i l l  be averaged over a l l  popu la ted  
to rs io n a l s ta te s . Th is  can be accounted fo r  by c a lcu la tin g  a
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p o p u la tio n -w e ig h te d  expec ta tion  va lue o f  A p f y ) ,  w h ich  w i l l  have the  
fo rm
< A p ( y )  > i  = A  + B < cos2 y  > i 1 = 1, 2n + l  (1 .60)
w here  the  te rm  < c o s 2 y  can be com pu ted  fro m ,
< i I c o s 2 y  I i > (1.61)
and i co rresponds to  the  d if fe re n t to rs io n a l s ta te s . The ang le  y  is  de fined  
as
Y = a  + a o (1.62)
w here  8 0 de fines the  e q u ilib r iu m  c o n fo rm a tio n  o f  the  m o le cu le ; &0 is  the  
va lue o f  the  d ih e d ra l angle de fined  in  F igure  1.5 a t th e  e q u ilib r iu m  
co n fo rm a tio n .
The te rm s < c o s 2 y  > i  can be expressed in  the  fo rm
<cos2 y >i = f  e " in’* lc o s 2 (0  +&0)l I  J_cn ei n a d8 (1.63)
°  n V 2 7 t  n - /  2 7 C
and since the  express ion  rep resents  an observab le  p ro p e r ty  i t  can be 
s im p lif ie d  to
< cos2 y > i = 1 / 2  I c „ [ c n  + 1 c n + 2 ( c o s 2 $ 0-  s in 2 0 o )
2
+ 1_ c n _ 2 ( c o s 2 8 Q + s in 2 $ 0 ) ]  (1.64)
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Dependence o f  th e  p -h yp e rfin e  co u p lin g  on te m p e ra tu re  can be ob ta ine d  
by  assum ing a B o ltzm a n n  d is tr ib u t io n  be tw een  the  to rs io n a l s ta tes . The 
P -h yp e rfin e  co u p lin g  can th e re fo re  be expressed in  th e  te m p e ra tu re  
dependen t fo rm
A p ( T )  = 2  e x p ( - E i / k T )  (1.65)
i________________________  •
2  exp ( - E i  / k T )
i
w here  k  is B o ltzm a n n ’s cons tan t.
F o r the  case o f  free  ro ta tio n , V ( & )  = 0, th e  e igenenerg ies are ob ta ine d  
by  s o lu tio n  o f  th e  fre e  ro ta t io n  H a m ilto n ia n  (1.53). The re s u lt in g  energies 
are fo u n d  to  occu r in  degenerate pa irs  and have a q u a d ra tic  dependence 
on th e  quan tum  num ber n. In  the  l im it  o f  a ve ry  h ig h  b a rr ie r  to  in te rn a l 
ro ta t io n , the  e igenenergies become e qu iva le n t to  those  o f  a ha rm on ic  
o s c il la to r  and are d e fin e d  by the  expression.
Ev = (v  + 1 / 2 )  hu  (1.66)
w here  v is the  ap p ro p ria te  quantum  num ber fo r  the  ha rm on ic  o s c il la to r  
and G) is  the  frequency  o f  o s c illa tio n . The e igenenerg ies o f  in te rm e d ia te  
b a rr ie rs  can be la b e lle d  using e ith e r the  quan tum  num bers  n o r  v. F igu re
1.6 d isp lays  the  c o rre la t io n  betw een the  e igenenerg ies ob ta ine d  fo r  a zero  
and very h igh  tw o - fo ld  p o te n tia l b a rrie r.
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b a rr ie r  h e ig h t ✓
i +r
±2
F igure  1.6 V a ria tio n  o f  the  energy leve ls associa ted w ith  a tw o - fo ld  
p o te n tia l b a rr ie r to  in te rn a l ro ta tio n .
The p o p u la tio n s  o f the  to rs iona l s ta tes becom e equal a t the  h igh 
te m pe ra tu re  l im it .  There is essen tia lly  free  ro ta t io n  a t th is  l im it  and 
th e re fo re  the  te rm  < i I c o s2 y I i > can s im p ly  be w r it te n
Z  < cos2 y >; = 2n + 1  (1.67)
i ------------
2
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T h is  w hen s u b s titu te d  in to  the  equa tion  d e fin in g  the  h igh  te m p e ra tu re  
l im i t  o f  A p ( T ) ,  w h ich  is
Ap ( T )  = A + B S < cos2y > ( 1.68)
T-^oo 2n + 1
s im p lif ie s  th e  express ion  to
A 3 ( T )  = A  + 1_B (1.69)
T-> oo 2
The th e o ry  o u tlin e d  enables values fo r  the  b a rr ie r  to  in te rn a l ro ta t io n , 
and th e  param ete rs  A  and B to  be evaluated. Th is  is  achieved by f i t t in g  
e x p e r im e n ta lly  observed tem pera tu re  dependent (3-hyperfine co u p lin g s  to  
th e  th e o re tic a l values expressed by equa tions (1.60) and (1.65 ) us ing  a 
s im p le x  f i t t in g  ro u tin e . The param eters A, B and V m ob ta ined  p rov ide  an 
in s ig h t  in to  the  c o n fo rm a tio n  o f  the  ra d ica l and i ts  to rs io n a l m o tio n .
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2 E xp e rim e n ta l S tud ies o f  M u o n iu m  S u b s titu te d  Free Radicals
2.1 S o lve n t E ffe c ts  on the  M u o n -E le c tro n  H yp e rfin e  C o u p lin g  C o n s ta n t 
and B a rrie r to  In te rn a l R o ta tio n  o f  the  2 -M u o x y p ro p -2 -y l R adical
2.1.1 In tro d u c tio n
The 2 -m u o x y p ro p -2 -y l ra d ica l is  fo rm e d  by the  fo rm a l a d d it io n  o f  
m uon ium  to  th e  ca rbony l g roup  o f  p ro p a n -2 -o n e .
( C H 3 ) 2 C = 0  + M u  ------------> ( C H 3 ) 2 C O M u (2.1)
Since its  f i r s t  obse rva tion  by R oduner e t a l. [ 1 2 ]  the  2 -m u o x y p ro p -2 -y l 
ra d ica l has been com prehensive ly  s tu d ie d  us ing  the  techn iques o f  
transve rse  f ie ld  pSR [33,  44, 51, 52, 53, 54, 55 3 and avoided leve l c ro ss in g  
resonance pSR [5 ,  56 3. These s tu d ie s  w ere m a in ly  concerned w ith  the  
m easurem ent o f  the m u o n -e le c tro n  3 -h yp e rfin e  c o u p lin g  co n s ta n t, the  
e f fe c t  o f  so lve n t in te ra c tio n s  on th is  co u p lin g  and the  m echanism  o f  
fo rm a tio n  o f  the  m uoxy ra d ica l. The 2 -m u o x y p ro p -2 -y l ra d ica l is 
p a r t ic u la r ly  su ita b le  fo r  such s tu d ie s  due to  th e  la rge  q u a n tity  o f  
com parab le  EPR data  th a t e x is ts  on the  ana logous 2 -h y d ro x y p ro p -2 -y l 
ra d ica l [57,  58, 593.
The 2 -h y d ro x y p ro p -2 -y l rad ica l, ( C H 3 ) 2 C O H ,  was f i r s t  observed by 
G ibson and c o -w o rk e rs  fro m  EPR s tud ies  o f  rad ica ls  fo rm e d  in  r ig id  
s o lu tio n s  o f  hydrogen perox ide  sub jec ted  to  u l t r a - v io le t  ir ra d ia t io n  [6 03 .  
The re s o lu t io n  o f  the  e xp e rim e n ta l appara tus used, however, p reven ted  
the  d e te rm in a tio n  o f  a value fo r  th e  s m a ll hyd roxy  hype rfine  co u p lin g
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co n s ta n t. The f i r s t  m easurem ent o f  the  hyp e rfin e  h yd ro xy  co u p lin g  
c o n s ta n t was made by Ze ldes and L iv in g s to n  [ 5 7 ]  fro m  an EPR s tu d y  o f  
liq u id s  d u rin g  p h o to ly s is . The h yd ro xy  co u p lin g  o f  ( C H 3 ) 2 C O H  fo rm e d  
by th e  p h o to ly s is  o f  p ro p a n -2 -o l co n ta in in g  0.4 % H 2 0 2 was de te rm ined  
to  be 1.9 M H z a t 299 K  decreasing to  zero a t 250 K. In  a la te r  s tu d y  by 
th e  same w o rke rs  [ 5 8 ]  the  v a ria tio n  in  the va lue o f  the  co u p lin g  
co n s ta n t w ith  te m p e ra tu re  was a t tr ib u te d  to  a negative, tem pe ra tu re  
independen t c o n tr ib u t io n  to  the  c o u p lin g  fro m  sp in d e n s ity  on the  oxygen 
and a p o s itive , tem p e ra tu re  dependent c o n tr ib u t io n  fro m  the  sp in  dens ity  
on the  rad ica l cen tre . F u rth e r, the  s tud ies o f  Ze ldes and L iv in g s to n  
show ed th a t the  m agn itude  o f  the  hyd roxy  c o u p lin g  c o n s ta n t is so lve n t 
dependent. Fo r exam ple  i t  was fo u n d  th a t fo r  an aqueous s o lu tio n  
co n ta in in g  10 % p ro p a n -2 -o n e  and 5 % m e thano l the  hyd roxy  co u p lin g  was 
0.9 M H z a t 300 K. Th is  rep resen ts  abou t a 50 % re d u c tio n  in  the 
m agn itude  o f  th e  hyp e rfin e  c o u p lin g  w ith  respec t to  th a t re p o rte d  fo r  
liq u id  p ropan -2 -one . A  m ore re ce n t EPR s tudy  on the h ype rfine  co u p lin g  
co n s ta n ts  o f  the  2 -h y d ro x y p ro p -2 -y l rad ica l and the  in flu e n ce  o f  d if fe re n t 
so lve n ts  on the m agn itude  o f the  co u p lin g  has been p e rfo rm e d  by Lehni 
[5 9  3. In  th is  s tudy  m easurem ent o f  the  hyd roxy  c o u p lin g  was re s tr ic te d  
to  tem pera tu res  a t w h ich  the  hype rfine  co u p lin g  has a p o s itive  value. 
Lehni no tes th a t w hen the  lin e w id th s  obta ined fro m  the  EPR spec tra  are 
p lo t te d  aga inst T / t), where 7) is the  v is co s ity  o f  the  so lven t, th a t  the 
m ix tu re s  s tud ied  can be separated in to  tw o  d is t in c t  classes. The f i r s t  
c lass corresponds to  m ix tu re s  in  w h ich  some degree o f  hyd rogen -bond ing  
be tw een th e  2 -h y d ro x y p ro p -2 -y l rad ica l and the so lv e n t is poss ib le . The 
second c lass o f  m ix tu re s  are those  con ta in in g  so lve n ts , such as n -d e ca lin , 
th a t  do n o t fo rm  hyd rogen -bonds  w ith  the  hyd roxy  rad ica l.
In  th is  sec tion  the  m u o n -e le c tro n  3 -hype rfine  co u p lin g  co n s ta n t o f  the
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2 -m u o x y p ro p -2 -y l ra d ica l fo rm e d  in  sam ples c o n s is tin g  o f  p ro p a n -2 -o n e  
and w a te r in  the  vo lum e  ra tio s  100:1, 40:1 and 10:1 are re p o rte d . U n lik e  
the  e a rlie r pSR s tu d ie s  w here  the  m easurem ent o f  the  c o u p lin g  was 
l im ite d  to  a sm a ll te m p e ra tu re  range, here the  m easurem ents are made 
over the  f u l l  l iq u id  range o f  each o f  the  m ix tu re s . A ls o  re p o rte d  are 
som e p re lim in a ry  m easurem ents o f  th e  m u o n -e le c tro n  3 -h yp e rfin e  
c o u p lin g  o f  the  2 -m u o x y p ro p -2 -y l ra d ica l fo rm e d  in  a m ix tu re  o f  
p ro p a n -2 -o n e  and n-hexane  in  the  vo lum e ra t io  1:1. These e xpe rim en ts  are 
an ex tens ion  o f  e a rlie r w o rk  pe rfo rm ed  by R. M . M acrae [ 5 5 ] ,  p re v io u s ly  
o f  th is  g roup. C o m pa rison  o f these pSR re s u lts  w ith  the  EPR 
m easurem ents on the  ana logous 2 -h y d ro x y p ro p -2 -y l and th e  e a r lie r  pSR 
s tud ies  enables an in te rp re ta t io n  re la tin g  the  te m p e ra tu re  dependence o f  
th e  m u o n -e le c tro n  h y p e rfin e  coup ling  to  the  ra d ica l s tru c tu re , to  the  
b a rr ie r  h inde ring  in te rn a l ro ta t io n  and to  s o lv e n t in te ra c tio n s  to  be 
presented .
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2.1.2 TF-pSR M easurem ents
A l l  experim en ts  w ere p e rfo rm e d  a t the  Paul Scherre r In s t itu te ,  us ing  
th e  pE l and pE4 beam lines. P ro p a n -2 -o n e :w a te r m ix tu re s  in  the  vo lu m e  
ra t io s  100:1, 40:1 and 10:1 and a p ro p a n -2 -o n e :n -h e xa n e  m ix tu re  in  the  
vo lu m e  ra t io  1:1 w ere s tud ied . A l l  the  reagen ts  used were o f  the  h ig h e s t 
grade co m m e rc ia lly  ava ilab le . Each sam p le  was degassed using the  n o rm a l 
fe e ze -p u m p -th a w  procedure  b e fo re  be ing  sealed under vacuum  in  
th in -w a lle d  spherica l g lass vessels. In  each e xpe rim en t a m agne tic  f ie ld  
o f  0.2 T  was app lied  tra n sve rse ly  to  the  m uon sp in d ire c tio n  in  the  
p o la rize d  beam and abou t 5 x 107 good  events  w ere recorded. The ra d ica l 
fo rm e d  is characte rized  by a p a ir  o f  lines  in  the  F ou rie r tra n s fo rm e d  
s p e c tru m  as show n by F igure 1.3. F igu re  2.1 show s a se lec tion  o f  the  
F o u rie r tra n s fo rm e d  spectra  ob ta ine d  fro m  th e  100:1 m ix tu re . The s tro n g  
s ig n a l co rrespond ing  to  m uons in  d ia m a g n e tic  env ironm en ts  a t ca. 27 M H z 
has been excised fro m  the  sp e c tru m  us in g  a f i t t in g  procedure based upon 
th e  m in im isa tio n  package M IN U IT  [ 27 ]. The F igure  show s th a t the  
p o s it io n  and s tre n g th  o f the  ra d ica l s igna ls  are tem pera tu re  dependent. 
S im ila r  spectra  were ob ta ined  on ana lys is  o f  the  data fro m  the  o th e r  
m ix tu re s  s tud ied . The m u o n -e le c tro n  h yp e rfin e  co u p lin g  cons tan t, lA ^ I ,  a t 
th is  f ie ld  is equal to  the  d iffe re n c e  in  the  frequencies o f the  tw o  
observed s igna ls. The reduced m u o n -e le c tro n  co u p lin g  cons tan ts , A ^ , 
de fin e d  as the  co u p lin g  c o n s ta n t sca led by  the  ra t io  o f  the  p ro to n 's  
m agne tic  m om ent to  the m uon ’s m agne tic  m om en t are lis te d  in  Tab le  2.1 
fo r  the  2 -m u o x y p ro p -2 -y l ra d ica l fo rm e d  in  the  100:1, 40:1 and 10:1
m ix tu re s . A ls o  inc luded  in  the  T ab le  are th e  re s u lts  obta ined by M acrae
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Figure 2.1 F ou rie r tra n s fo rm e d  spectra  o f  the  2 -m u o x y p ro p -2 -y l rad ica l 
fo rm ed  in the 100:1, by vo lum e, p ropan -2 -o ne :w a te r s o lu tio n .
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[ 5 5 ]  fro m  s tud ies  o f  a sam ple o f  p ro p a n -2 -o n e  com posed o f  e q u ip o rtio n s  
o f  d 6 -p ro p a n -2 -o n e  and p ropan -2 -one  and p ro p a n -2 -o n e :w a te r m ix tu re s  in  
th e  vo lum e ra tio s  20:1 and 15:1.
Tab le  2.1 The tem pe ra tu re , T / K ,  and s o lv e n t dependence o f  the  
reduced m u o n -e le c tro n  hyp e rfin e  c o u p lin g  c o n s ta n t /M H z  
o f  the  2 -m u o x y p ro p -2 -y l rad ica l in  va rious  H 2 0  m ix tu re s
P u re a 100:1 40:1
a)oCN 15:1a 10:1
T A* T A ’ T A ’ T a ; T A ’ T A*
180 3.64 181 3.30 170 2.97 183 2.91 193 3.25 182 3.07
203 4.49 211 4.42 201 3.72 203 3.47 207 3.73 200 3.57
228 5.48 228 5.13 225 4.62 223 4.20 233 4.70 226 4.45
251 6.44 251 6.08 248 5.64 243 5.06 250 5.39 239 4.93
277 7.59 277 7.28 290 7.62 263 5.97 269 6.26 258 5.77
300 8.56 289 7.88 314 8.74 283 6.98 277 6.51 280 6.70
319 9.38 316 9.11 303 7.85 291 7.24 317 8.47
323 8.86 313 8.32
a Ref. [551 , T  ± 0.1 K
A l l  the  coup ling s  lis te d  in  Table 2.1 show  the  expected  tem pera tu re  
dependence [ 4 4 ] ;  a lo w e rin g  in the  m agn itude  o f  the  h yp e rfin e  co u p lin g  
as the tem pe ra tu re  is raised. The re fo re  th e  c o u p lin g  co n s ta n ts  are 
described as having a p o s itive  tem pera tu re  c o e ff ic ie n t. The tem pera tu re  
dependence o f  the  coup ling s  can be d ire c t ly  re la te d  to  the  ra d ica l 
co n fo rm a tio n . The e q u ilib r iu m  c o n fo rm a tio n  ( I )  and the  b a rr ie r  
c o n fo rm a tio n  ( I I ) ,  co rrespond ing  to  in te rn a l ro ta t io n  a b o u t the  c e n tra l
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C - O  bond, o f  th e  ana logous 2 -h y d ro x y p ro p -2 -y l ra d ica l are shown in  
F igure  2.2.
?n_
O H2pzi
( I )
C H C H
(II)
F igure  2.2 E q u ilib r iu m  and b a rr ie r  c o n fo rm a tio n s  o f  the  
2 -h y d ro x y p ro p -2 -y l rad ica l.
The co n fo rm a tio n s  show n in  F igure 2.2 w e re  ob ta ine d  fro m  th e o re tica l 
s tu d ie s  o f  th e  2 -h y d ro x y p ro p -2 -y l rad ica l [  44, 55, 61 ]. These stud ies have 
a lso  show n  th a t fo r  the  2 -hyd roxy ra d ica l c o n fo rm a tio n  ( I I )  has the 
m ax im um  hyd roxy  h yp e rfin e  coup ling  and c o n fo rm a tio n  ( I )  the  m in im um  
h yd ro xy  h yp e rfin e  coup ling . EPR s tu d ie s  [5 8 ,  59 ] o f  the
2 -h y d ro x y p ro p -2 -y l ra d ica l have show n th a t  the  h yd ro xy  hyperfine  
c o u p lin g  has a p o s itiv e  tem pe ra tu re  c o e ff ic ie n t, as does th e  correspond ing
2 -m u o x y p ro p -2 -y l rad ica l. There fo re , i t  is expected  th a t th e  b a rrie r and 
e q u ilib r iu m  c o m fo rm a tio n s  o f  the  2 -m u o x y p ro p -2 -y l ra d ica l are analogous 
to  those  show n in  F igure  2.2.
The v a r ia tio n  o f  the  hyd roxy  and m uoxy h yp e rfin e  co u p lin g  constan ts  
w ith  te m p e ra tu re  can be associated w ith  th e  to rs io n a l m o tio n  o f  the  
O - H ( M u )  g ro u p  a b o u t the  C - O  bond. The m u o n -e le c tro n  hyperfine  
co u p lin g  c o n s ta n t is  la rg e r, over a ll  tem pe ra tu res , th a n  th e  correspond ing  
p ro to n -e le c tro n  hyp e rfin e  co u p lin g  co n s ta n ts . T h is  iso to p e  e f fe c t  m us t be 
a consequence o f  the  d iffe re n ce  in  the  z e ro -p o in t v ib ra tio n a l energies o f
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th e  m uon and the  p ro to n . Due to  its  h ighe r z e ro -p o in t v ib ra tio n a l energy 
th e  m uon ic  iso to p o m e r undergoes la rg e r lib ra t io n a l m o tio n s  a b o u t the  
c e n tra l C - O  bond. C onsequen tly  the  e x p e rim e n ta lly  m easured f3 -hyperfine  
c o u p lin g  o f  the  2 -m u o x y p ro p -2 -y l ra d ica l is in flu e n ce d  by th e  b a rr ie r  
c o n fo rm a tio n  ( I I )  to  a g rea te r e x te n t than  the  co u p lin g  c o n s ta n t o f  the
2 -h y d ro x y p ro p -2 -y l rad ica l. The d iffe re n ce  in  the  am p litudes  o f  the  
l ib ra t io n a l m o tio n  o f  the  tw o  iso to p o m e rs  considered th e re fo re  exp la ins  
the  d iffe re n ce  in  the  m agn itude  o f  the  e xp e rim e n ta lly  m easured
3 -h y p e rfin e  co u p lin g  cons tan ts  and the  associated tem p e ra tu re  dependence 
o f  the  coup ling .
The tem pera tu re  dependent co u p lin g  cons tan ts  lis te d  in  Tab le  2.1 are 
n e a rly  lin e a r w ith  o n ly  a s l ig h t  dev ia tion  fro m  lin e a r ity  a t lo w
te m pe ra tu res . The coup ling s  fo r  the  100:1 m ix tu re  are fo u n d  to  be
s l ig h t ly  lo w e r than those o f  pure  p ropan -2 -o ne , decreasing fro m  9.11 M H z 
a t 316 K  to  3.30 M H z a t 181 K. The coup ling s  fo r  th e  10:1 m ix tu re  are the  
lo w e s t measured, decreasing fro m  8.47 M H z a t 317 K  to  3.07 M H z a t 182 
K. The re s u lts  in  Table 2.1 show  th a t the  hype rfine  co u p lin g  co n s ta n ts  
are dependent on the  w a te r co n ce n tra tio n  o f  the  s o lu t io n  as fo u n d  by 
H i l l  and co -w o rke rs  [33,  521. F igure  2.3 shows the te m p e ra tu re
dependence o f  the  hype rfine  co u p lin g s  o f  the  2 -m u o x y p ro p -2 -y l ra d ica l in  
pu re , 100:1 and 20:1 p ro p a n -2 -o n e :w a te r so lu tio n s . The hype rfine  co u p lin g s  
o f  a ll m ix tu re s  lis te d  in  Tab le  2.1 fo l lo w  the  same te m p e ra tu re  
dependence, dev ia ting  o n ly  s lig h t ly  fro m  lin e a r ity  a t lo w  tem pe ra tu res . A t  
a l l  tem pera tu res  the  observed coup ling s  o f  the  b ina ry  aqueous m ix tu re s  
are s m a lle r  than those ob ta ined  in  pure  p ropan -2 -o ne . H ow ever, c lo s e r 
in sp e c tio n  o f  the  re s u lts  reveals th a t  whereas near ro o m  te m p e ra tu re  the  
va lue  o f  the  coup ling  co n s ta n t decreases w ith  increas ing  w a te r
co n ce n tra tio n , a t a round 220 K  the re  appears to  be a c ross ing  o f  the
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F igure  2.3 Tem pera ture  and so lve n t dependence o f  the  reduced hype rfine  
coup ling  cons tan t, A ^ ,  o f the 2 -m u o x y p ro p -2 -y l rad ica l.
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re s u lts  ob ta ined  fro m  the  15:1 and 20:1 s o lu tio n s . Th is  behaviou r is 
observed to  a g re a te r e x te n t in  the 10:1 s o lu tio n .
The s o lve n t in te ra c tio n s  w h ich  a ffe c t the  m easured (3-hyperfine co u p lin g  
co n s ta n ts  o f  the  2 -m u o x y p ro p -2 -y l rad ica l are p ro b a b ly  o f  a s im ila r  
na tu re  to  those  a ffe c tin g  the  2 -h y d ro x y p ro p -2 -y l ra d ica l. In  each case the 
co u p lin g  co n s ta n ts  co u ld  be in fluenced  by sp in  d e lo ca liza tio n  w h ich  
fo llo w s  fro m  the  resonance s tru c tu re s  shown in  F igu re  2.4.
H (M u) H (M u)
O- + 0
i i
C H , C H , C H 3 C H ,
(I) (ID
F igure  2.4 Possib le  resonance s tru c tu re s  o f  the  2 -h y d ro x y  and 2 -m u o xy  
p ro p -2 -y l rad ica ls .
F igu re  2.4 show s tw o  o f  the  poss ib le  resonance s tru c tu re s  th a t occu r as 
a re s u lt  o f  the  lib ra t io n a l m o tio n  o f the O - H ( M u )  g roup  aga inst the  
re s t o f  the  rad ica l. In  p o la r so lven ts , such as w a te r, resonance s tru c tu re  
( I I )  co u ld  have a g re a te r s ign ificance  than in  n o n -p o la r  so lven ts . In  th is  
s tru c tu re  sp in p o la r iz a tio n  o f the  unpaired e le c tro n  a t the  oxygen leads 
to  a negative c o n tr ib u tio n  to  the  spin dens ity  a t th e  hyd roxy  p ro to n  o r 
m uon s ite . The lo w e rin g  o f  the muon coup ling  c o n s ta n t on a d d itio n  o f  
w a te r co u ld  th e re fo re  re s u lt  fro m  the increasing ro le  o f  s tru c tu re  ( I I )  
th ro u g h  an increase in hydrogen bonding, over th a t  o f  pure  p ropan -2 -one , 
in  the  s o lu tio n s .
The fu r th e r  lo w e rin g  o f  the  coup ling  co n s ta n ts  on increas ing  the  
co n ce n tra tio n  o f  w a te r p resen t in  the  s o lu tio n  is th o u g h t to  re f le c t  an
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increase in  hyd rogen -bond ing  w ith in  the m ix tu re s . In  pure p ropan -2 -one  
the re  is o n ly  one poss ib le  m uon ium -bonded  s tru c tu re  th a t can be fo rm ed  
and is show n as s tru c tu re  ( I )  in  F igure 2.5. W ith  the  in tro d u c tio n  o f  
s m a ll q u a n tit ie s  o f  w a te r in to  the sam ple o th e r  m uon ium -bonded  and 
hyd rogen -bonded  s tru c tu re s  can be fo rm e d  as i l lu s t ra te d  by s tru c tu re s  
( I I )  and ( I I I )  in  F igure  2.5 .
C H
C H
C — O,
M u
o = c
C H
C H
CH-
C H
A
H
C — O,
M u .
O
/ H
H
( I ) ( I I )
C H 3 ^ .  >
j ^ C —
C H ,
/ ° X  
H  H
M u .C H
o = c
X C H
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F igu re  2.5 H ydrogen  and m uonium  bonded s tru c tu re s  o f  the 
2 -m u o x y p ro p -2 -y l rad ica l.
I t  has been no ted  in previous pSR s tud ies  o f  s o lve n t e ffe c ts  on the 
h yp e rfin e  c o u p lin g  co n s ta n t o f the  2 -m u o x y p ro p -2 -y l rad ica l th a t the  
in tro d u c t io n  o f  sm a ll q u a n titie s  o f  w a te r to  a s o lu t io n  o f  p ropan -2 -one  
sw itches  on a d d itio n a l hyd rogen -bond ing  [331 .
In  a s tu d y  o f  a b ina ry  m ix tu re  o f  p ro p a n -2 -o n e :D 2 0  in  the vo lum e 
ra t io  o f  20:1 by Macrae [5 5 ]  the  reduced m u o n -e le c tro n  hype rfine
-  S 3  -
c o u p lin g  was fo u n d  to  be 7.5 M H z a t 298 K. Th is  va lue  show s no 
s ig n if ic a n t d iffe re n ce  fro m  th a t o f  the  co u p lin g  c o n s ta n t m easured fo r  
th e  20:1 p ro p a n -2 -o n e :w a te r m ix tu re  a t a s im ila r  tem p e ra tu re . The 
correspondence be tw een the  co u p lin g  cons tan ts  ind ica tes  th a t  the  
increased c o n tr ib u t io n  to  the hyd rogen -bond ing  in  the  aqueous m uoxy 
ra d ica l system s is th ro u g h  b ond in g  by  m uonium  to  the  oxygen o f  the  
w a te r m olecu le .
Venkatesw aran  e t a l. [5 6  3 have s tud ied  the  2 -m u o x y p ro p -2 -y l ra d ica l 
fo rm e d  in  s o lu tio n s  o f  p ro p a n -2 -o n e  in  w a te r and hexane us ing  the 
m e th o d  o f  avoided le ve l c ross ing  resonance pSR. For a 30 % by vo lum e 
s o lu t io n  o f  p ro p a n -2 -o n e  in  w a te r the  resonance s igna l was observed  to  
be s h ifte d  u p fie ld  by 28 m T re la tiv e  to  the  s igna l observed in  a sam ple 
o f  pure  p ropan -2 -one . U s ing  a va lue fo r  o f 22.0 M H z, as m easured by 
H i l l  e t al. [  33 3 fro m  a TF-pSR expe rim en t on a com parab le  
p ro p a n -2 -o n e :w a te r m ix tu re , the  m e th y l p ro to n  co u p lin g  co n s ta n ts  were 
g iven the  value A H ^=  55.5 M H z. T h is  value is equal, w ith in  the  l im its  o f  
e xpe rim en ta l e rro r, to  the  m e th y l p ro to n  coup ling  co n s ta n ts  o f  the 
2 -m u o x y p ro p -2 -y l ra d ica l fo rm e d  in  pu re  p ropan -2 -one  [5 6  3. T h is  re s u lt  
ind ica tes  th a t the  s o lve n t e ffe c ts  th a t  in flu e n ce  the  m uoxy hyp e rfin e  
co u p lin g  co n s ta n t o f  the  p ro p -2 -y l rad ica l have re la tiv e ly  l i t t l e  e f fe c t  on 
the  sp in  dens ity  lo ca ted  a t the  m e th y l p ro to n s . F u rth e r the  va lue o f  the  
m e th y l p ro to n  c o u p lin g  co n s ta n t is c lose  to  the lite ra tu re  va lue o f  the  
ana logous 2 -h y d ro x y p ro p -2 -y l ra d ica l o f  55.9 M H z [5 8  3. T h is  show s th a t 
m uon ium  s u b s titu t io n  o f  the  h yd ro xy  p ro to n  does n o t s ig n if ic a n t ly  a f fe c t  
the  sp in  de n s ity  lo ca ted  a t the  ra d ica l cen tre  o r the  m e th y l p ro to n s . Fo r 
a 30 % by vo lum e s o lu t io n  o f  p ro p a n -2 -o n e  and hexane V enka tesw aran  e t 
a l. [5 6  3 observe a d o w n fie ld  s h if t  o f  11.5 m T in  the  p o s it io n  o f  the  
resonance. The m u o n -e le c tro n  h yp e rfin e  coup ling  o f the  2 -m u o x y p ro p -2 -y l
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ra d ica l in  th is  s o lu tio n  was m easured to  be 29.4 M H z. A lth o u g h  the
te m pe ra tu re  a t w h ich  these e xpe rim en ts  w ere p e rfo rm e d  is n o t re p o rte d , 
i t  is  assumed th a t a l l  e xpe rim en ts  w ere carried  o u t a t ro o m  tem p e ra tu re . 
The oppos ite  d ire c tio n  o f  the  s h if ts  in  the  ALC resonance on  d i lu t io n  o f  
pu re  p ropan -2 -o ne  by w a te r and hexane su p p o rts  the  hydrogen  bo n d in g  
in te rp re ta tio n  o f  the  transverse  f ie ld  ^iSR re s u lts .
No transverse  f ie ld  tiSR re s u lts  w ere availab le  fo r  com pa rison  w ith  the
avoided leve l c ross ing  resonance stud ies o f  the  p ropan -2 -one :hexane
m ix tu re . T he re fo re  in  o rd e r to  s tu d y  the  a f fe c t  o f  in tro d u c in g  a 
hydrocarbon  so lve n t w h ich  reduces the  degree o f  h yd ro g e n -b o n d in g  in  the 
system  a p re lim in a ry  s tu d y  on a s o lu t io n  o f  p ro p a n -2 -o n e :n -h e xa n e  in  the  
vo lum e  ra tio  1:1 was p e rfo rm e d , us ing TF-^SR. P repa ra tion  o f  the  sam ple 
was e sse n tia lly  equ iva len t to  the  m ethod used to  p repare  the  
p ro p a n -2 -o n e :w a te r m ix tu re s . The expe rim en t was p e rfo rm e d  under 
a m agnetic  f ie ld  o f  0.2 T  app lied  transve rse ly  to  the  m uon sp in  d ire c tio n  
and about 1 x 106 good events w ere recorded. The re la t iv e ly  lo w  num ber 
o f  events recorded fo r  th is  exp e rim e n t was a consequence o f  the  m uon 
beam being produced w ith o u t  the  use o f  th e  m uon channel. The 
m u o n -e le c tro n  (3-hyperfine co u p lin g  co n s ta n t o f  th e  2 -m u o x y p ro p -2 -y l 
ra d ica l fo rm ed  in  th is  s o lu t io n  was measured a t tw o  te m pe ra tu res . The 
reduced m uoxy hype rfine  c o u p lin g  co n s ta n t was fo u n d  to  be 5.66 M H z a t 
232 K  decreasing to  3.56 M H z a t 183 K. C om parison  o f  these co u p lin g s  
w ith  the coup ling s  o f  the  sam ple o f  pure p ro p a n -2 -o n e  l is te d  in  T ab le  2.1 
ind ica te  th a t over th is  te m p e ra tu re  range the re  appears to  be a c ross ing  
o f  the  coup lings  measured in  th e  1:1 p ropan -2 -o ne :n -hexane  m ix tu re  and 
the  pure p ropan -2 -o ne  s o lu tio n . The reduced m u o n -e le c tro n  h yp e rfin e
co u p lin g  o f  the  2 -m u o x y p ro p -2 -y l rad ica l is  0 .08 M H z  lo w e r th a n  the  
co rrespond ing  co u p lin g  in  pu re  p ropan -2 -o ne  a t a b o u t 180 K. T h is  s h if t  in
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th e  h yp e rfin e  co u p lin g  on the  a d d it io n  o f  n -hexane  is in  th e  o p p o s ite  
d ire c tio n  to  th a t expected fo r  a s o lv e n t w h ich  fo rm s  no hyd rogen -bonded  
com p lexes w ith  the  s o lu te  and is a lso  in  th e  o p p o s ite  d ire c tio n  to  the  
s h i f t  observed by Venkatesw aran  e t a l. a t a h ig h e r tem pe ra tu re . The va lue 
o f  a t 232 K  fo r  the  1:1 p ro p a n -2 -o n e :n -h e xa n e  m ix tu re  is, how ever, 
n e a rly  e q u iva le n t to  th a t in  pure p ro p a n -2 -o n e  in d ic a tin g  th a t the  s h if t  in  
the  m agn itude  o f  the  m uoxy  hyp e rfin e  c o u p lin g  is  tem p e ra tu re  dependent. 
T h is  te m p e ra tu re  dependence co u ld  a rise  fro m  a d iffe re n ce  in  the  s ign  
and m agn itude  o f  the  lo w  ly in g  to rs io n a l energy leve ls  o f  the  
2 -m u o x y p ro p -2 -y l ra d ica l in  d if fe re n t  s o lu t io n s . M acrae [5 5 ]  has a lready 
show n  th a t i t  is  poss ib le  to  e xp la in  the  d iffe re n c e  in  the te m pe ra tu re  
dependence o f  the  p -h yp e rfin e  c o u p lin g  o f  the  2 -m u o xy  and 2 -h yd ro xy  
p ro p -2 -y l rad ica ls  by cons ide ring  th e  s ign  and m agn itude  o f  the  lo w  ly in g  
to rs io n a l s ta tes. H ow ever, to  exam ine th is  e f fe c t  in  the  
p ropan -2 -o n e :n -h e xa n e  m ix tu re  the  h yp e rfin e  co u p lin g s  over the  f u l l  
liq u id  range o f  the  sam ple w o u ld  have to  be m easured. The dependence 
o f  th e  va lue o f  the  (3-hyperfine co u p lin g  c o n s ta n t on the  s ign  and 
m agn itude  o f  the  to rs io n a l energy leve ls  w i l l  be d iscussed fu r th e r  in  the  
n e x t section , when s o lve n t e ffe c ts  on the  b a rr ie r  to  in te rn a l ro ta t io n  are 
cons idered .
The expe rim en ta l da ta  obta ined on th e  2 -m u o x y p ro p -2 -y l rad ica l in  
d if fe re n t  so lven ts  by TF-(iSR and avoided leve l c ro ss in g  pSR in d ica te  th a t
s o lv e n t in te ra c tio n s  on the  m e th y l p ro to n  h yp e rfin e  co u p lin g s  are sm a ll
i
and have n e g lig ib le  in flu e n ce  on the  observed co u p lin g . F u rth e r th ro u g h  
com pa rison  o f  the  pSR re su lts  w ith  com parab le  EPR da ta  on the  
ana logous 2 -h y d ro x y p ro p -2 -y l ra d ica l i t  has been show n th a t m uon 
s u b s t itu t io n  does n o t s ig n if ic a n tly  a f fe c t  the  m e th y l p ro to n  h yp e rfin e  
co u p lin g  [5 5 ] .  These re s u lts  sugges t th a t  iso to p e -d e p e n d e n t
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h yp e rco n ju g a tio n  processes m us t be s m a ll and are n o t the  o r ig in  o f  the  
observed  iso to p e  e ffe c t  in  the  p -h yp e rfin e  co u p lin g  as p roposed  by H i l l  
e t  a l. [33 , 52, 53 3. The iso tope  e ffe c t m u s t arise  fro m  the  d iffe re n ce  in  
th e  z e ro -p o in t energies o f  the  m uon and the  p ro to n . T h is  d iffe re n ce  
d e te rm ines  the  lib ra t io n a l m o tio n  o f  the  O - H ( M u )  g ro u p  abo u t the  
c e n tra l C - O  bond  o f  th e  rad ica l and consequ en tly  re s u lts  in  the  observed 
is o to p e  dependence o f  the  tem pera tu re  dependent hyp e rfin e  coup ling s .
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2.1.3 Internal Rotation Studies
The h yd ro g en -bond ing  p resen t in  the  p ro p a n -2 -o n e :w a te r m ix tu re s  is 
expected to  h in d e r the  in te rn a l ro ta tio n  o f  the  O - M u  g ro u p  aga ins t the  
re s t o f  the  m o lecu le  [3 3  3. I t  is poss ib le  to  deve lop  th is  a rg u m e n t 
q u a n tita tiv e ly  by cons ide ring  the b a rr ie r he igh t, V 2, to  in te rn a l ro ta t io n  
o f  the  2 -m u o x y p ro p -2 -y l rad ica l. V 2 can be e x tra c te d  fro m  the 
te m pe ra tu re  dependent (3-hyperfine coup ling  co n s ta n ts  us ing  the  ro ta t io n a l 
averaging techn ique  described in  chap te r one. T h is  p rocedure  invo lves 
f i t t in g  o f the  e x p e rim e n ta lly  measured co u p lin g  co n s ta n ts  to  th e o re tic a l 
va lues using a quan tum  m echanical averaging techn ique  and has a lready 
been app lied  in  a s tu d y  o f  the  in te rn a l ro ta t io n  o f  m uon ium  s u b s titu te d  
e th y l iso topom ers  [4 3 , 65 3. I t  is assumed th a t in  th is  m ethod  the  m a jo r 
c o n tr ib u t io n  to  the  tem pe ra tu re  dependence o f  the  c o u p lin g  co n s ta n ts  is 
the  d iffe re n ce  in  the average to rs io n a l ang le  ( y ) a b o u t the  C - O  
in te rn u c le a r ax is. A ls o  here i t  is assumed th a t the  p o te n tia l b a rr ie r  
h inde ring  in te rn a l ro ta t io n  is p r in c ip a lly  o f  a tw o - fo ld  na tu re  and can be 
represen ted  by the  tru n ca te d  Fourie r series.
V  ( y ) = J_ V 2 ( l  -  cos2y  ) (2 .2 )
2
U sing  the  th e o ry  o f  ro ta t io n a l averaging the  b a rr ie r  h e ig h t fo r  the
2 -m u o x y p ro p -2 -y l rad ica l has been ascerta ined by f i t t in g  the  th e o re tic a lly  
ca lcu la te d  co u p lin g  co n s ta n ts  ob ta ined  fro m  equa tio n  (1.65) to  the  
observed coup ling s , lis te d  in  Tab le  2.1, th ro u g h  s im u ltaneou s  v a ria tio n  o f  
the  th ree  param ete rs  A, B and V 2 in  equa tions (1.60) and (1.58). The
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c a lc u la te d  va lues o f  th e  param eters  A, B and V 2 fo r  each m ix tu re  are 
c o lla te d  in  T ab le  2.2. The reduced m om ent o f  in e r t ia  o f  the  ra d ica l was 
taken  to  be 1.393 x  10~48 Kg m 2. Th is  va lue was derived  fro m  an ab 
in i t io  s tu d y  o f  th e  2 -h y d ro x y p ro p -2 -y l rad ica l p e rfo rm e d  by M acrae [5 5  3. 
The e q u ilib r iu m  to rs io n  angle, y Q , o f  the  2 -m u o x y p ro p -2 -y l ra d ica l was 
assum ed to  be 7C/2.
T ab le  2.2 Va lues fo r  the  param eters  A /M H z ,  B /M H z  and V 2 / J  m o l-1 
fo r  th e  2 -m u o x y p ro p -2 -y l rad ica l in  va rious H 2 0  m ix tu re s
S o lu tio n A B v 2
P urea -117.0 315.3 3828.0
100:1 -105.0 298.1 4572.1
40:1 -94.9 283.7 5307.0
20:1a -76.7 259.3 7037.0
15:la -69.6 262.9 8816.8
10:1 -70 .4 246.7 7554.9
a Ref. [5 5 3
The b a rr ie r  to in te rn a l ro ta t io n  increases fro m 4572 J m o l-1 in the
100:1 p ro p a n -2 -o n e :w a te r m ix tu re up to  8816 J m o l 1 in the  15:1 m ix tu re .
In  a ll cases, th e va lue o f  the  b a rr ie r  exceeds th a t o f  3828 J m o l 1 fo r
the  2 -m uoxyp rop --2 -y l rad ica l in pure p ropan -2 -o ne . The dependence o f
the  b a rr ie r  to  in te rn a l ro ta t io n  o f  the  rad ica l on the  w a te r co n ce n tra tio n  
is  show n in  F igu re  2.6. T w o  re s u lts  appear anom alous; the  expected tre n d  
is  th a t  th e  to rs io n a l b a rr ie r  shou ld  increase in  va lue  as th e  w a te r 
c o n ce n tra tio n  is  ra ised as a consequence o f  g re a te r hyd ro g e n -b o n d in g  in
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F igure  2.6 Dependence o f  the  b a rr ie r he ight, V 2, to  in te rn a l ro ta t io n  
o f  the  2 -m u o x y p ro p -2 -y l rad ica l on the  co m p o s itio n  o f  the  
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the  so lu tio n s . The b a rr ie r  o f  the  15:1 m ix tu re  is a c tu a lly  a b o u t 1000 
J m o l-1 h ighe r than  th a t o f  th e  10:1 m ix tu re . T h is  anom aly is  n o t 
apparen t in  F igure  2.7 w h ich  show s the  dependence o f  th e  pa ram ete rs  A  
and B on the w a te r c o n ce n tra tio n . A t  p resen t th e re  is  no obv ious 
e xp lana tion  as to  the  na tu re  o f  th is  anom aly, a lth o u g h  i t  c o u ld  arise 
fro m  the e xpe rim en ta l da ta  re p o rte d  fo r  the  pure, 20:1 and 15:1 s o lu tio n s  
be ing  co lle c te d  d u rin g  a d if fe re n t  beam period  to  th a t  o f  th e  100:1, 40:1 
and 10:1 m ix tu re s .
The EPR s tudy  o f  the  ana logous 2 -h y d ro x y p ro p -2 -y l ra d ica l p e rfo rm e d  
by Lehni [5 9 ] a llo w s  the b a rr ie r  h e ig h t o f  th is  ra d ica l to  be de te rm ined . 
U s ing  the re p o rte d  g -p ro to n  hype rfine  coup ling s  the  b a rr ie r  to  in te rn a l 
ro ta t io n  o f  the  h yd ro xy  ra d ica l in  a d ilu te  s o lu tio n  o f  b u ta n -2 -o l was 
ca lcu la ted  as 10467 J m o l-1 , w ith  A  = -7.89 M H z and B = 56.40 M H z,
— 47respective ly . A  va lue o f  1.231 x  10 Kg m was used fo r  the  reduced 
m om en t o f  in e rtia  fo r  the  in te rn a l ro ta t io n  abou t th e  C - O  bond  [5 5 ] .  
The s tudy  o f  Lehni re p o rts  s p lit t in g  param eters fo r  the  ra d ica l in  severa l 
d if fe re n t so lven ts  and in  each case the  b a rr ie r derived  fro m  th e  co u p lin g s  
is h igher than th a t o f  the  2 -m u o x y p ro p -2 -y l rad ica l and the  va lues o f  the  
f i t t in g  param eters are s im ila r  to  those  repo rted . The d iffe re n c e  in  the 
to rs io n a l ba rrie rs  o f  the  2 -m u o xy  and 2 -hyd roxy  p ro p -2 -y l ra d ica ls  can be 
exp la ined  fro m  co n s id e ra tio n  o f  a n c illa ry  m o tio n s  o f  the  ra d ica l. In  
p a r tic u la r  the  d iffe re n ce  in  the  lib ra t io n a l m o tio n  o f  the  O - H  and O - M u  
g roups is th o u g h t to  be the  m a jo r fa c to r  in flu e n c in g  th e  d iffe re n c e  in  the  
ro ta tio n a l ba rrie rs .
F igure  2.8 d isp lays  the  va lues o f  < A ^ ( Y ) > j,  th e  mean m u o n -e le c tro n  
hype rfine  coup ling  co n s ta n ts , fo r  the  s ix  lo w e s t to rs io n a l energy leve ls  
o f  the  2 -m u o x y p ro p -2 -y l ra d ica l fo rm e d  in  p ro p a n -2 -o n e  and th e  100:1 
and 20:1 m ix tu re s . The co rrespond ing  to rs io n a l e igenva lues, E j, ob ta ine d
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F igure  2.7 S o lven t dependence o f  th e  pa ram ete rs  A :V  and B :A .
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F igure  2.8 Values o f  < A ^ ( y ) > i fo r  the  s ix  lo w e s t to rs io n a l e igensta tes 
o f  the 2 -m u o x y p ro p -2 -y l ra d ica l in  pure p rop a n -2 -o n e  and 
the 100:1 and 20:1 m ix tu re s . The co rrespond ing  to rs io n a l 
eigenvalues, E j / J  m o l-1 , fo r  each s ta te  are a lso  show n.
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by s o lu t io n  o f  the  to rs io n a l H a m ilto n ia n  (1.51) are a lso  show n. I t  is 
fo u n d  th a t fo r  a ll m ix tu re s  lis te d  in  Table 2.1 o n ly  one to rs io n a l leve l, 
th a t  o f  i = 2, y ie ld s  a negative coup ling  c o n s ta n t. In  the  tem pe ra tu re  
range o f  the  exp e rim e n t o n ly  the  lo w e s t five  to rs io n a l energy leve ls  are 
s ig n if ic a n t ly  popu la ted , and as a consequence o f  th e  c o n tr ib u t io n  o f  the 
leve l i = 2, the  th e o re tic a l tem pera tu re  dependence o f  th e  hype rfine  
coup ling , o f  a ll m ix tu re s , shows a m in im um  a t a round  150 K. Th is  can be 
observed in  F igure 2.9 w h ich  shows the te m p e ra tu re  dependence o f  the  
th e o re tic a l hyp e rfin e  coup ling s  o f  the 2 -m u o x y p ro p -2 -y l ra d ica l in  the
100:1 m ix tu re , a lso  show n are the  e xp e rim e n ta lly  m easured m u o n -e le c tro n  
h yp e rfin e  co u p lin g  co n s ta n ts . S im ila r curves are ob ta ine d  fo r  pure
p ro p a n -2 -o n e  and the o th e r m ix tu re s  considered . The d iffe re n c e  in  the 
va lue o f  the  co u p lin g  co n s ta n t y ie lded by the  lo w  ly in g  to rs io n a l leve ls, 
fo r  each m ix tu re , co u ld  exp la in  the sm a ll d e v ia tio n  fro m  lin e a r ity
observed in  the  e xp e rim e n ta lly  measured co u p lin g s  a t tem pe ra tu res  abou t 
220 K.
The th e o re tic a l tem pe ra tu re  dependence o f  th e  2 -h y d ro x y p ro p -2 -y l 
ra d ica l is d isp layed in  F igure  2.10. The th e o re tic a l h yp e rfin e  co u p lin g  was 
derived  fro m  the re s u lts  o f  the  EPR s tudy  o f  th e  2 -h y d ro x y p ro p -2 -y l 
ra d ica l in  a d ilu te  b u ta n -2 -o l so lu tio n  p e rfo rm e d  by Lehn i [593. The
tem pe ra tu re  dependence show n in  F igure 2.10 is q u a lita t iv e ly  d if fe re n t to  
the  tem pe ra tu re  dependence o f the h yp e rfin e  co u p lin g  o f  the 
co rrespond ing  m uoxy rad ica l shown in  F igure  2.9. U n lik e  the  m uoxy 
ra d ica l the  th e o re tic a l hype rfine  coup ling  curve o f  the  h yd ro xy  rad ica l 
does n o t have a m in im um  a t abou t 150 K. F u r th e r  the  h yd ro xy  co u p lin g  
appears to  be able to  take  a negative va lue a t lo w  tem pera tu res . 
U n fo r tu n a te ly  the re  is  no availab le  lo w  te m p e ra tu re  EPR data  on the
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Figure  2.9 T h e o re tica l tem pera tu re  dependence o f  , to g e th e r w ith  the 
expe rim en ta l re su lts , fo r  the  2 -m u o x y p ro p -2 -y l rad ica l.
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F igure  2.10 T h eo re tica l tem pera tu re  dependence o f  to g e th e r w ith  the  
expe rim en ta l re su lts , fo r  the  2 -h y d ro x y p ro p -2 -y l rad ica l.
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2 -h y d ro x y p ro p -2 -y l ra d ica l fo r  com parison . Ze ldes and L iv in g s to n  [  58 ], 
how ever, fo u n d  th a t th e  h ype rfine  co u p lin g  o f  the  2 -h y d o x y p ro p -2 -y l 
ra d ica l was zero a t 250 K  and expected the  p ro to n  co u p lin g  to  decrease 
th ro u g h  zero as the  te m p e ra tu re  is low ered .
T h is  d iffe re n ce  in  the  te m pe ra tu re  dependence o f  the  2 -h y d ro x y  and
2 -m u o xy  p ro p -2 -y l ra d ica ls  can be a ttr ib u te d  to  th e  d iffe re n ce  in  the  lo w  
ly in g  to rs io n a l s ta tes  o f  each rad ica l. T ab le  2.3 l is ts  the  to rs io n a l 
e igenvalues, E j, and the  th e o re tic a l p ro to n  h yp e rfin e  co u p lin g , < A H (Y ) > i5 
fo r  the  s ix  lo w e s t to rs io n a l s ta tes  o f  the  2 -h y d ro x p ro p -2 -y l rad ica l.
T ab le  2.3 Selected to rs io n a l energy leve ls , E j / J m o l -1 , and ca lcu la te d  
p ro to n  h yp e rfin e  coup ling s , < A H ( y )  /  M H z, o f  the  
2 -h y d ro x y p ro p -2 -y l rad ica l
i E i
1 1540.2 -3.1165
2 1540.4 -3.1236
3 4456.6 6.6386
4 4465.1 6.4144
5 6956.8 17.8725
6 7076.0 15.4204
F o r a l l  s ta tes, i > 2, the  associated hype rfine  co u p lin g  is p o s itive . The 
lo w e s t ly in g  s ta tes, i ^ 2, are b o th  associa ted w ith  a negative  h yp e rfin e  
co u p lin g  w h ich  th e re fo re  exp la ins  the  c o n s ta n t decrease in  the  co u p lin g  
as the  tem pe ra tu re  is low ered . The h y p o th e tic a l l im it in g  va lue o f  
< A H ( y ) > j  is -3.11 M H z, a t abso lu te  zero. I t  can a lso  be seen th a t the 
lo w  ly in g  to rs io n a l e igenvalues o f  the  2 -h y d ro x y p ro p -2 -y l ra d ica l are
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n e a rly  tw o - fo ld  degenerate, as is expected  due to  its  h igh  b a rr ie r  to  
in te rn a l ro ta t io n . In  c o n tra s t, such degeneracy is n o t observed in  the  lo w  
ly in g  to rs io n a l eigenenergies o f  the  2 -m u o x y p ro p -2 -y l ra d ica l show n in  
F igu re  2.8 due to  its  lo w e r b a rr ie r to  in te rn a l ro ta t io n . Fo r th is  ra d ica l 
how ever, the  tw o - fo ld  degeneracy o f  th e  to rs io n a l e igenva lues is observed 
in  s ta te s  h ig h e r in  energy than the b a rr ie r  to  in te rn a l ro ta t io n . In  these 
s ta te s  th e  sys tem  can be considered to  have free  in te rn a l ro ta t io n .
The th e o re tic a l values o f  the  m u o n -e le c tro n  h yp e rfin e  co u p lin g  
c o n s ta n ts  and the  b a rr ie r  to  in te rn a l ro ta t io n  o f  the  2 -m uoxy  and
2 -h y d ro x y  p ro p -2 -y l rad ica ls  have been d is tin g u ish e d  by the  assum ption  
o f  a s im p le  m ode l to  rep resen t the  so lv e n t system . Th is  m ode l neg lec ts  
th e  p o s s ib il ity  th a t the  bond ing  th a t occurs in  the  system  co u ld  a ffe c t  
the  m om e n t o f  in e r t ia  o f the  ro ta t in g  g roup , and th a t the  a d d itio n  o f  a 
s m a ll vo lum e  o f  w a te r to  a s o lu tio n  o f  p ro p a n -2 -o n e  produces a 
hom ogeneous m ix tu re . A  m ore co m p le te  s tu d y  w o u ld  a lso  have to  
co n s id e r the  a ffe c t  o f  in te rn a l ro ta t io n  on the  hydrogen and 
in te rm o le c u la r  bonds fo rm e d  d u rin g  the tim esca le  o f  the  e xpe rim en t used 
to  s tu d y  the  rad ica l. N everthe less, i t  is be lieved th a t  g iven the  com p lex  
n a tu re  o f  the  s o lve n t system , the m odel used p rov ides a f i r s t  s tep  in  the  
e xp la n a tio n  o f  so lve n t e ffe c ts  on the  b a rr ie rs  to  in te rn a l ro ta t io n  and the  
h yp e rfin e  co u p lin g  co n s ta n ts  o f  m uon ic  rad ica ls .
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2.2 Competitive Muonium Addition to  3-M ethyl-2-Butenal
2.2.1 TF-(iSR Studies o f  a (3-U nsaturated C arbony l C om pounds
In  th is  sec tion  the  f i r s t  c lea r obse rva tion  o f  co m p e titive  m u o n iu m  
a d d it io n  to  an af3-unsaturated ca rbony l com pound, 3 -m e th y l-2 -b u te n a l is 
re p o rte d . The presence o f  the tw o  fu n c tio n a l g roups C = 0  and C = C in
3 -m e th y l-2 -b u te n a l, ( C H 3 ) 2 C = C H C H O , in tro d u ce s  the  p o s s ib il ity  o f  
co m p e titiv e  m uonium  add ition . F igure  2.11 d isp lays  the  th ree  p o ss ib le  
ra d ic a l p ro d u c ts  th a t can be fo rm ed  on m uon im p la n ta tio n  in  liq u id
3 -m e th y l-2 -b u te n a l.
CH_ 0 CFL 0 CH3 OMu
C H f  H
3
H
( I I )
F igure  2.11 Radical p roduc ts  fro m  m uon ium  a d d itio n  to  in e q u iva le n t 
s ites o f 3 -m e th y l-2 -b u te n a l.
There  is a lso  the p o s s ib ility  o f  m uon ium  a d d itio n  a t the ca rbony l carbon, 
b u t th is  is know n  n o t to  occur to  any observab le  e x te n t in  a ldehydes o r  
ke tones. Radical ( I )  is  an a lly l type  rad ica l s im ila r  to  the  p a r t ia l ly  
de loca lized  a -ca rb o n y l rad ica ls s tud ied  by S tru b  e t al. [6 2  3. Radica l ( I I )  
is fo rm e d  by m uonium  add ition  a t C 2 and the  unpaired e le c tro n  is 
e s s e n tia lly  loca lized  on C 3. As a consequence o f  the  d iffe re n ce  in  the  
capac ity  to  de loca lize  the unpaired e le c tr io n  o f  rad ica ls ( I )  and ( I I ) ,  
these species shou ld  be easily d is tin g u ish a b le  fro m  the m agn itudes o f
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th e ir  respective  m u o n -e le c tro n  hype rfine  co u p lin g  c o n s ta n ts . The th ird  
poss ib le  ra d ica l is  fo rm e d  by m uonium  a d d itio n  to  th e  oxygen  a tom  o f  
the  ca rbony l g roup . The oc-muoxy rad ica l fo rm e d  is expec ted  to  e x h ib it  
p ro p e rtie s  som ew hat d if fe re n t to  the  a -m u o x y  ra d ica l cons ide red  in  the 
p rev ious sec tion  due to  th e  p o s s ib ility  o f  sp in  d e lo c a liz a tio n  th ro u g h  the 
carbon fra m e w o rk . Such d e lo ca liza tio n  w o u ld  be expected  to  induce a 
lo w e r 3 -m u o n -e le c tro n  hype rfine  coup ling  than  th a t observed  in  the  
sa tu ra ted  a -m u o x y  ra d ica l.
No c lea r e xp e rim e n ta l observa tion  o f  co m p e titiv e  m uon ium  a d d it io n  to  
an a ^ -u n sa tu ra te d  ke to n e  has been re p o rte d  p r io r  to  th is  s tu d y . M acrae 
E55] p e rfo rm ed  a TF-(iSR  s tudy  on tra n s -2 -b u te n a l, C H 3 C H  = C H C H O , 
and observed s tro n g  s igna ls  co rrespond ing  to  a ra d ica l fo rm e d  by 
m uon ium  a d d itio n  to  the  C = C group. Very weak s igna ls  co rre sp o n d in g  to  
m uon ium  a d d itio n  to  the  ca rbony l g roup  w ere a lso  de tec ted , b u t w ere  to o  
weak to  enable an accura te  de te rm in a tio n  o f  the  m u o n -e le c tro n  hype rfine  
co u p lin g  c o n s ta n t o f  the  m uoxy rad ica l.
The data ob ta ined  fro m  the  s tudy o f  3 -m e th y l-2 -b u te n a l, re p o rte d  here, 
w ere  co lle c te d  a t the  Paul S cherrer In s t itu te  us ing  the  pE4 beam line . The 
sam ple was degassed using the s tandard fre e z e -p u m p -th a w  p rocedure  
be fo re  being sealed and p laced in  the c ry o s ta t o f  th e  pSR sp e c tro m e te r. 
A  f ie ld  o f  0.2 T  was app lied  transverse ly  to  the  m uon  sp in  d ire c tio n  in  
the  po la rized  beam. The m u o n -e le c tro n  hype rfine  c o u p lin g  co n s ta n ts  o f  
the  rad ica ls  fo rm e d  w ere de te rm ined fro m  the  re s u lt in g  (iSR h is tog ram s. 
In  o rd e r to  cha rac te rize  the rad ica ls  the  h yp e rfin e  co u p lin g s  were 
m easured over the  f u l l  liq u id  range o f  the  sam ple. A b o u t 5 x  10 events 
w ere co lle c te d  a t each tem pe ra tu re  to  enable accura te  d e te rm in a tio n  o f  
the  coup ling  con s ta n ts .
-  70 -
2.2.2 R esults and Discussion
F igure  2.12 show s se lected F o u rie r-tra n s fo rm e d  pSR sp e c tra  fo r  the  
ra d ica ls  fo rm e d  fro m  3 -m e th y l-2 -b u te n a l and the  a f fe c t  o f  tem pe ra tu re  
upon the p o s it io n  and lin e w id th  o f  the  s igna ls. The d iam agne tic  s igna l a t 
ca. 27 M H z has been excised fro m  the  spec tra  us ing  a f i t t in g  p rocedure 
based on the  m in im iz a tio n  package M IN U IT  [2 7 ] .  The s ig n a l C y  derives 
fro m  the  c y c lo tro n  frequency. The spectra  co n s is t o f  a p a ir  o f  doub le ts  
R t and R2, and each d o u b le t can be a ttr ib u te d  to  a m u o n iu m -s u b s titu te d  
fre e  rad ica l. The reduced m u o n -e lec tron  hype rfine  co u p lin g  co n s ta n ts , A ^ , 
fo r  each o f  the  ra d ica ls  observed, over the  com p le te  liq u id  range o f  the  
sam ple are lis te d  in  T ab le  2.4.
Tab le  2.4 M u o n -e le c tro n  hyperfine  coup ling  co n s ta n ts , A ^ / M H z ,  fo r  
the  m uon ic  rad ica ls  fo rm ed  in  3 -m e th y l-2 -b u te n a l
T / K
Radical (R j) Radica l ( R2 )
A * A *
197.0 1.3 58.2
218.0 1.6 58.8
246.0 2.3 59.5
273.0 2.9 59.9
298.0 3.5 60.3
324.0 4.2 60.6
347.0 4.7 60.9
T  ± 0.1 K
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F igure  2.12 F ourie r tra n s fo rm e d  pSR spectra  fo r  3 -m e th y l-2 -b u te n a l a t 
th ree  tem pera tu res and w ith  an app lied  f ie ld  o f  0.2 T.
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The s tro n g  s igna ls , R lt co rrespond  to  a ra d ica l w ith  a reduced 
m u o n -e le c tro n  hyp e rfin e  co u p lin g  co n s ta n t o f  1.3 M H z a t 197 K, 
inc reas ing  s l ig h t ly  to  4.7 M H z a t 347 K. These lo w  c o u p lin g  co n s ta n ts  
and the  associated te m p e ra tu re  dependence are c h a ra c te r is tic  o f  m uon ium  
a d d it io n  to  a ca rbony l g roup ; R j is th e re fo re  assigned to  the  d e loca lize d  
m u o x y a lk y l rad ica l (F ig u re  2.11(111)).
T ab le  2.5 presents a com pa rison  o f  reduced m u o n -e le c tro n  h yp e rfin e  
co u p lin g  cons tan ts  fo r  a series o f  m u o xya lky l ra d ica ls  a t a round 295 K. 
I t  can be observed fro m  the  ta b le  th a t the  co u p lin g  co n s ta n ts  o f  the  
m u o x y a lk y l rad ica ls  fo rm e d  fro m  a3~unsaturated ca rb o n y l com pounds are 
s ig n if ic a n t ly  lo w e r than  those  o f  rad ica ls  such as 2 -m u o x y p ro p -2 -y l.  The 
lo w e r  co u p lin g  co n s ta n ts  are the  re s u lt  o f  d e lo ca liza tio n  o f  the  unpa ired  
e le c tro n  as expected.
T ab le  2.5 Reduced h yp e rfin e  c o u p lin g  cons tan ts , A ^ , o f  se lected  m uoxy  
rad ica ls  a t a m b ien t te m p e a rtu re sa
S ubs tra te Radical A ^  /  M H z
1, 1, l- t r if lu o ro p ro p a n -2 -o n e C F3C (O M u )C H 3 9.78b
hexane-2 , 5 -d ione C H 3 C( O M u )C H 2 C H 2 C O C H 3 8.57 c
p ro p a n -2 -o n e C H 3C (O M u )C H 3 8.56 b
e thana l C H 3C H (O M u ) 6 .82c ’ d
t ra n s -  2 -b u te n a l C H 3C H  = C H C (O M u )H 2 .9c ’ e ’ f
3 -m e th y l-2 -b u te n a l (C H 3 ) O C H C ( O M u )H 2.89 e
a 295 ± 5 K  un less no ted  o th e rw ise , b Ref. [ 4 4 ] ,  c Ref. [5 5 ] ,  
d 288 ± 5 K, e 273 ± 5 K,
f
A p p ro x im a te  va lue es tim a ted  fro m  w eak ly  observed s igna ls .
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The m a jo r d o u b le t denoted R2 is due to  the  presence o f  a second 
m u o n iu m -s u b s titu te d  rad ica l w ith  a reduced h yp e rfin e  co u p lin g  co n s ta n t 
o f  58.2  M H z a t 197 K  increasing to  60.9 M H z  a t 347 K. By com parison  
w ith  m u o n iu m -s u b s titu te d  dienes [1 6 ],  in  p a r t ic u la r  2, 5 -d im e th y l-h e xa -2 ,
4 -d iene , i t  is  th o u g h t th a t R2 arises fro m  m uon ium  a d d itio n  a t the C = C 
bond , y ie ld in g  the  the rm odyna m ica lly  m ore  s ta b le  a lly l type rad ica l 
(F ig u re  2.11 ( I ) ).
T h is  ass ignm ent is in  accordance w ith  the  values m easured fo r  the  
a p -u n sa tu ra te d  ca rbony l com pound, t ra n s -2 -b u te n a l, s tud ied  by Macrae 
[5 6 ] .  In  th is  case o n ly  a s ing le  ra d ica l d o u b le t is c le a rly  observed 
co rre sp o n d in g  to  reduced hyperfine  c o u p lin g  co n s ta n ts  decreasing fro m  
94.8 M H z a t 209 K  to  82.8 M H z a t 353 K. By com parison  w th  the  
co u p lin g  cons tan ts  o f  the  te rm in a l a lkene, v iny lace ta te  [1 4 ] ,  the rad ica l 
co rre sp o n d in g  to  these signa ls was id e n tif ie d  as an a lly l type rad ica l 
fo rm e d  fro m  m uon ium  add ition  to  th e  C = C bond. As w ith
3 -m e th y l-2 -b u te n a l the  p ro d u c t is the  de loca lize d  a lly l type  rad ica l. The 
ra d ica l s igna ls  co rrespond ing  to  m uon ium  a d d itio n  to  the  ca rbony l g roup 
o f  t ra n s -2 -b u te n a l w ere observed to  be very  w eak and accurate data were 
d i f f ic u l t  to  ob ta in .
The oppos ite  tem pe ra tu re  dependence o f  the  hype rfine  coup ling  
co n s ta n ts  o f  the  a l ly l  type rad ica l fo rm e d  in  3 -m e th y l-2 -b u te n a l and 
t ra n s -2 -b u te n a l co u ld  arise fro m  the  rad ica ls  having d if fe re n t e q u ilib r iu m  
c o n fo rm a tio n s . The values o f  the hype rfine  co u p lin g s  o f  the  a lly l rad ica l 
(R t ) lis te d  in  Table 2.3 ind ica te  th a t the  e q u ilib r iu m  geom etry  o f  the  
a l ly l  rad ica l fo rm e d  in  3 -m e th y l-2 -b u te n a l has th e  C - M u  bond in  the  
n o d a l p lane o f  th e  n o tio n a l 2pz o rb ita l cen tre d  a t C 2. C onsequen tly  the  
observed co u p lin g  co n s ta n t increases in  va lue w ith  r is in g  tem pera tu re . 
The observed tem pe ra tu re  dependence o f  th e  h yp e rfin e  co u p lin g  cons tan ts
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o f  th e  the  a l ly l  ra d ica l fo rm ed  in  t ra n s -2 -b u te n a l in d ica te  th a t, fo r  th is  
rad ica l, the  C - M u  bond lies  o u t o f  the  noda l p lane o f  the  2pz o rb ita l 
lo ca te d  on C 2, as proposed by M acrae [5 5 ] .
The p o la riza tio n s , co rrec ted  fo r  e xp e rim e n ta l tim e  re s o lu tio n  [1 5 ] ,  
co rrespond ing  to  m uons in  the  m uon ic  ra d ica ls  fo rm e d  fro m
3 -m e th y l-2 -b u te n a l are found  to  be 0.109 fo r  ra d ica l ( I )  and 0.064 fo r  
ra d ica l ( I I I )  a t 298 K. I f  i t  is assumed th a t each ra d ica l has undergone 
p ro p o r t io n a lly  the  same depo la riza tion , we can co n ve rt the  fra c t io n a l 
m uon p o la riza tio n s  in to  fra c tio n a l ra te  co n s ta n ts  fo r  ra d ica l fo rm a tio n  
[1 6 ].  The fra c tio n a l ra te  cons tan t fo r  m uon ium  a d d it io n  to  the  C = C bond  
is 0.63 fo r  3 -m e th y l-2 -b u te n a l a t 298 K, w h ich  is  s u b s ta n tia lly  lo w e r th a n  
the  fra c tio n a l ra te  co n s ta n t fo r  tra n s -2 -b u te n a l w h ich  is be lieved to  be 
c lose  to  u n ity . I t  is su rp ris in g  to  f in d  th a t the  fra c tio n a l ra te  c o n s ta n t 
fo r  M u a tta ch m e n t to  the  C = 0  g roup  in  3 -m e th y l-2 -b u te n a l is as h igh  as 
0.37. M e th y l s u b s t itu t io n  o f tra n s -2 -b u te n a l c le a rly  has a s tro n g  e f fe c t  
on the  re g io s e le c tiv ity  o f  m uonium  a d d itio n . W h e th e r th e  e f fe c t  on the  
re g io s e le c tiv ity , a ris ing  fro m  m e th y l s u b s titu t io n , occurs  fro m  an 
e le c tro n ic  o r  s te r ic  e ffe c t can o n ly  be d e te rm ined  fro m  fu r th e r  
exp e rim e n ta l and th e o re tica l s tu d ie s  o f  a fJ -unsa tu ra ted  ca rbony l 
com pounds.
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C HAPTER
3 M o le cu la r O rb ita l M e thods  fo r  the  C a lcu la tio n  o f  S e lected  
M o le cu la r P rope rties
3.1 Prelude
C om parison  o f  the  m o le c u la r p rope rties  o f  m uon ium  s u b s titu te d  
species w ith  the co rrespond ing  p rope rties  o f  p ro to n a te d  species, reveals 
in  some cases the  ex is tence  o f  a large iso tope  e ffe c t. In  p a r t ic u la r  the 
reduced m u o n -e le c tro n  3_hype rfine  coup ling  o f  m uon ium  s u b s titu te d  
ra d ica ls  is s ig n if ic a n tly  g re a te r than the synonym ous p ro to n -e le c tro n  
co u p lin g . The o r ig in  o f  th is  iso tope  e ffe c t has been the su b je c t o f  some 
co n tro ve rsy  since its  in it ia l  observa tion  by Roduner e t a l. [1 2 ]. The 
co n tro ve rsy  arises fro m  w h e th e r the observed iso tope  e ffe c t is due to  an 
iso to p e  dependent hype rcon ju ga tion  in te ra c tio n  [63 , 64 ] o r to  d iffe re n ce s  
in  the  v ib ra tio n a l a m p litu d e s  and o th e r in te rn a l degrees o f  freedom  o f  
the  iso topom ers  [3 2 ] .  The iso tope  e ffe c t on the  hype rfine  co u p lin g  has 
been in te rp re te d  to  som e e x te n t by cons ide ring  the c o n fo rm a tio n a l 
pre fe rence  o f  the iso to p o m e rs  a ris ing  fro m  the iso tope  dependent b a rrie rs  
to  in te rn a l ro ta tio n  [4 3 , 65 ]. R e la tion  o f  the iso to p e  e ffe c t to  the  s ing le
no rm a l mode describ ing  the  in te rn a l ro ta tio n  is how ever an inadequate
exp lana tion  o f  the  iso tope  e ffe c t  observed in re la tiv e ly  r ig id  ra d ica ls  such 
as m uonated cyc lohexad ieny l [ 3 2 ]  and tr ip le -b o n d  m uon ium  adducts  [6 6 ] .
In  a d d itio n  the d iffe re n ce  in  th e  high tem pera tu re  l im it  o f  the  m uonated
and p ro tona te d  e th y l ra d ic a l [ 6 7 ]  ind ica tes th a t the  iso to p e  e f fe c t  can
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n o t  s im p ly  be a ttr ib u te d  to  the d iffe re n ce  in  th e  to rs io n a l m o tio n s  o f  the  
rad ica ls .
C om parison  o f  experim en ta l and th e o re tic a lly  ca lcu la te d  m o le c u la r 
p ro p e rtie s  is re s tr ic te d  by the  averaging over the  p o p u la te d  v ib ra tio n a l 
s ta te s  o f  the  expe rim en ta l re su lts . Recent ca lc u la tio n s  show  th a t a good  
com pa rison  o f  the  hyperfine  coup ling s  o f  th e  e th y l rad ica l can be 
achieved i f  the  ab in it io  re su lts  are co rre c te d  fo r  v ib ra tio n a l and 
c o rre la t io n  e ffe c ts  [ 68 ]. In  th is  chap te r a b r ie f  d e s c rip tio n  o f ab in i t io  
m o le c u la r o rb ita l theo ry  is presented and a m e thod  fo r  co m p u tin g  
v ib ra tio n a l co rre c tio n s  to  ab in it io  m o le cu la r p ro p e rtie s  is in tro d u ce d . The 
ca lcu la te d  v ib ra tio n a l co rre c tio n s  enable the  e ffe c ts  o f  is o to p ic  
s u b s t itu t io n  on m o le cu la r p rope rties  to  be s tud ied . The d iffe re n ce  
be tw een  the  ab in it io  p rope rties  and the v ib ra tio n a lly  averaged p ro p e rtie s , 
o f  th e  species o f  in te re s t, p rovides a measure o f  the  e ffe c t on the  
m o le c u la r p ro p e rtie s  o f the d if fe re n t v ib ra tio n a l a m p litudes  o f  the  
iso to p o m e rs . The ca lcu la tio n s  w i l l  th e re fo re  be im p o rta n t in  the  
e lu c id a tio n  o f  the  o rig in  o f  the  observed m uon ic  iso to p e  e ffe c t.
A  com prehensive in ves tiga tio n  by Raynes e t a l. [  69, 70, 71, 72 3 on 
m ethane and its  iso topom ers  has a lready show n the  im po rtance  o f  
in c lu d in g  v ib ra tio n a l e ffe c ts  in  cons ide ring  ab in i t io  m agne tic  
s u s c e p tib ilit ie s  and NM R coup ling  cons tan ts . T h e o re tica l s tud ies o f  the  
m uon ic  iso tope  e ffe c t on the hype rfine  co u p lin g  c o n s ta n t o f  m uon ium  
s u b s titu te d  rad ica ls  have been pe rfo rm ed  by  Roduner and Reid [ 7 3 ] ,  
Lopes de Magalhaes and Ramos [ 7 4 ] ,  C la x to n  e t a l. [ 7 5 ]  and C hipm an 
[  76 ]. H ow ever in  each o f  these s tud ies a l im ite d  approach to  the 
s o lu t io n  o f  the  p ro b le m  o f v ib ra tio n a l averaging has been em ployed.
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3.2 A b  In i t io  M o le cu la r O rb ita l Theory
3.2.1 T h e o re tica l Background
In  p r in c ip le , s o lu tio n  o f  the  n o n - re la t iv is t ic  tim e  independen t 
S c ro d in g e r equation  [ 7 7 ]
H  Y = E Y (3.1)
s h o u ld  p rov ide  the  energy (E )  and m any p ro p e rtie s  o f  a system  o f  nuc le i
A
and e le c tro n s  described by the  w a ve fu n c tio n  Y. The H a m ilto n ia n , H, o f  
e q u a tio n  (3.1) is a d if fe re n t ia l o p e ra to r rep resen tin g  the  to ta l energy. 
U n fo r tu n a te ly  the  Schrod inger equa tion  can be so lved d ire c t ly  o n ly  fo r  
s im p le  o n e -e le c tro n  system s. The s o lu tio n  o f  the  d if fe re n t ia l equa tion  
(3.1) fo r  m a ny-e lec tron  system s is based upon a num ber o f  
a p p ro x im a tio n s .
F irs t  the  m o tions  o f  the  e le c tro n s  and the  nuc le i are separated 
th ro u g h  the  B orn -O ppenhe im er a p p ro x im a tio n  [ 78 ]. Th is  separa tion  is 
p o ss ib le  due to  the  la rge  mass d iffe re n ce  o f  the  nuc le i and e le c tro n s . 
E s s e n tia lly  in  th is  app rox im a tio n  the  e le c tro n s  are regarded as m ov ing  in  
the  f ie ld  o f  fix e d  nucle i and th e  s ta t ic  nuc le i th e re fo re  experience an 
average p o te n tia l due to  the su rro u n d in g  e le c tro n s . The to ta l S ch rod inger 
equa tio n  (3.1) w h ich  describes the  m o tio n  o f  b o th  the  e le c tro n s  and 
n u c le i in  the  system  can consequen tly  be separated in to  in d iv id u a l 
equa tions  describ ing  the e le c tro n ic  and nuc lea r m o tion , respec tive ly . 
U n d e r th is  separation  the to ta l w ave fu n c tio n , Y , can be expressed as the
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p ro d u c t o f  an e le c tro n ic  w ave func tio n  (»J> ) and a n u c le a r w ave func tio n  
<X>
Y ( R ,  r )  = <J>(R, r )  x < R )  (3 .2 )
w here the  p o s it io n s  o f  the  nuc le i and the  e le c tro n s  a re  de fined  by the  
p o s it io n  ve c to rs  R and r, respective ly . The e le c tro n ic  w ave func tio n  
e x p lic it ly  depends on the  e le c tro n ic  coo rd ina tes  b u t  a lso  depends 
p a ra m e tr ic a lly  on th e  fix e d  nuclear coord ina tes .
The assum p tion  o f  s ta t ic  nuc le i enables th e  H a m ilto n ia n  o f  the
S chrod inger e q ua tio n  fo r  a N -e le c tro n , M -n u c le i sys tem  to  be expressed 
in  a to m ic  u n its  as
a  N  ~  N  M  N  N
H  = -1 Z  V . -  I  2  Z A  + I  I  1 (3 .3)
V  i=  1 i =  1 A = l ——  i = l  j > i  _
Z  i A  r |j
w here ZA is  th e  a to m ic  num ber o f  nucleus A  and V i  is  th e  Laplacian 
o p e ra to r w h ich  invo lves  d iffe re n tia t io n  w ith  respec t to  th e  coord ina tes  o f  
the  i th  e le c tro n . In  a tom ic  u n its  by  an ap p ro p ria te  cho ice  o f  physica l 
qu a n titie s , th e  charge and the  mass o f  an e le c tro n , "ft and 47tsQ are equal 
to  u n ity . T h is  H a m ilto n ia n  operates o n ly  on the e le c tro n ic  coord ina tes  o f  
the  system  and is te rm ed the e le c tro n ic  H a m ilto n ia n . S o lu tio n  o f  the 
S chrod inger equa tion  in vo lv in g  the  e le c tro n ic  H a m ilto n ia n  prov ides the
e le c tro n ic  w a ve fu n c tio n  4>(R, r )  and th e  e le c tro n ic  energy E e. The to ta l 
energy o f  th e  system  is  ob ta ined  by adding the  te rm
M  N
Z  Z  Z A Z B (3 .4 )
A =  1 B >  A  „
k A B
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d e sc rib in g  th e  nuc lea r re p u ls io n  o f the  s ta t ic  nuc le i to  the  e le c tro n ic  
energy. The B o rn -O ppenhe im er a p p ro x im a tio n  th e re fo re  a llo w s  the  
s im p lif ic a t io n  o f  the  to ta l S chrod inger equa tion  to  an e le c tro n ic  p ro b le m  
and neg lec ts  the  e ffe c ts  o f  nuc lea r m o tio n . E xa c t s o lu tio n s  to  the  
e le c tro n ic  S chrod inger equation  are poss ib le  o n ly  fo r  s im p le  o n e -e le c tro n  
system s such as the  H 2 m o le cu la r ion . A p p ro x im a te  s o lu tio n s  can be 
ob ta in e d  fo r  m a n y -e le c tro n  system s using the  H a rtre e -F o c k  a p p ro x im a tio n  
[7 9 , 803. The essence o f  the  H a rtre e -F o ck  a p p ro x im a tio n  is th a t i t  
rep laces the  co m p lica te d  m a n y -e le c tro n  p ro b le m  by a o n e -e le c tro n  
p ro b le m  in  w h ich  the  e le c tro n -e le c tro n  re p u ls io n s  are tre a te d  in  an 
average way.
3.2.2 The H a rtre e -F o ck  A p p ro x im a tio n
The s im p le s t a n tis ym m e tric  e le c tro n ic  w a ve fu n c tio n  w h ich  can be used 
to  describe  the  g round  s ta te  o f  an N -e le c tro n  sys tem  is a s ing le  S la te r 
d e te rm in a n t C 81 3 represented  by
<1>(1......... N ) 2  < - l ) P Pn { x i ( l ) x J< 2 ) .......  X k < N > }  (3 .5 )
VN! n=1
w here  N is a n o rm a liza tio n  fa c to r, Pn is a p e rm u ta tio n  o p e ra to r th a t
generates the  n th  p e rm u ta tio n  o f  e le c tro n s  1, 2..........   N, P is the  num ber
o f  tra n s p o s itio n s  requ ired  to  ob ta in  th is  p e rm u ta tio n  and X j ( D .........
are the  sp in  o rb ita ls  describ ing  the  N -e le c tro n  system . The sp in o rb ita ls  
are the  w ave func tio ns  fo r  each e le c tro n  and are the  p ro d u c t o f  a sp a tia l 
o rb ita l,  4>, and one o f  the  tw o  poss ib le  sp in  fu n c tio n s  a o r 3.
The H a rtre e -F o ck  a p p rox im a tio n  is  based upon the  va ria tion  m e th o d
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o f  quan tum  m echanics. T h is  s ta tes  th a t the  bes t p o ss ib le  e le c tro n ic  
w a ve fu n c tio n  o f  the  fo rm  o f  (3.S) is  th a t w h ich  gives th e  lo w e s t poss ib le  
e xp e c ta tio n  energy ( E 0 )
E 0 = <4>l H ltj> > / <  i|H > (3 .6 )
A
w here  H  is the  e le c tro n ic  H a m ilto n ia n  ope ra to r. The v a r ia tio n a l f le x ib i l i t y  
in  th e  w ave func tio n  is  in  the  choice o f the  sp in  o rb ita ls  X i ( j ) -  The 
H a rtre e -F o c k  a p p ro x im a tio n  assumes i t  is poss ib le  to  o b ta in  th e  o p tim u m  
sp in  o rb ita ls  by m in im iz in g  the  energy E 0 w ith  respec t to  th e  cho ice  o f  
sp in  o rb ita ls .
The expec ta tio n  va lue o f  the  e le c tro n ic  energy is m ore u s u a lly  w r it te n  
in  the  fo rm
N / 2  N / 2
E 0 = 2 2  h u + 2  2Jij -  K jj (3 .7 )
i = l  i,j = l
A f te r  in te g ra tio n  o u t o f  the  sp in  fu n c tio n s  the  te rm  h n can be expressed 
in  te rm s  o f  the  sp a tia l fu n c tio n s  as
h j. = < ^ ( s )  l - l _ V s -  2  Z A  I s ) > (3.8)
2
and is  know n  as th e  c o re -H a m ilto n ia n . Th is te rm  describes the  k in e tic  
and p o te n tia l energies o f  a s ing le  e lec tron  in  the  f ie ld  o f  the  s ta t ic  
n u c le i. The rem ain ing  te rm s  J jj and K jj in  (3 .7 ) are kn o w n  as the 
co lo u m b  and exchange in te g ra ls , respective ly . The co lo u m b  in te g ra l can 
be expressed as
w h ich  rep resen ts  the  c lass ica l co loum b re p u ls io n  be tw een  th e  charge 
2 2c lo u d s  1 t^ i( s ) I and l t p j ( p ) l  • The exchange in te g ra l is  th e  re s u lt  o f  
exchange c o rre la tio n  w h ich  arises fro m  the  m o tio n s  o f  e le c tro n s  w ith  
p a ra lle l spins.
K jj = < 4Ji ( s ) 4 ,j ( p )  I _1_ I cJjj (p )  ( s )  > (3.10)
r sp
M in im iz a tio n  o f  E 0 w ith  respect to  the  choice o f  sp in  o rb ita ls  leads to  
th e  H a rtre e -F o ck  e igenva lue equation
F iX i  = SiXi i = 1. ......  N  (3.11)
w here  Xi a1*6 the  sp in  o rb ita ls , is the  co rrespond ing  o rb ita l energy and
A
F j is  e ffe c tiv e ly  a o n e -e le c tro n  o p e ra to r ca lled  the  Fock o p e ra to r w h ich  
has the  fo rm .
A A N  a  A
F = h s + 2  (2 J i -  K j)  (3.12)
A A
w here J j and K j are the  co loum b and exchange o p e ra to rs  expressed as
J i ( s ) ( s ) = < ( p ) l_ l_  I 4,i ( p )  > ^ j ( s )  (3.13)
*sp
and
K i (s)«I>j (s)  = < <Mp) 1 JL_ 1 ^ j ( P} >4»i(s) (3.14)
rs p
The expecta tion  va lue o f  the  ope ra to rs  K i and J t are e q u iva le n t to  the 
p rev ious d e fin it io n s  o f  the  co loum b and exchange in te g ra ls  g iven in  
equations (3 .9 ) and (3.10). The H a rtre e -F o ck  e q u a tio n  (3.11) is an
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eigenva lue  equation w ith  the  sp in  o rb ita ls  as e ig e n fu n c tio n s  and the  
energ ies o f  the  sp in o rb ita ls  as eigenvalues. The co loum b  and exchange 
o p e ra to rs  o f  the  Fock o p e ra to r describe the  p o te n tia l f ie ld  experienced by 
th e  i th  e le c tro n . I t  is obvious fro m  (3.13) and (3.14) th a t  th is  f ie ld  is 
dependen t upon the e ige n fu n c tio n s  Xi* T he re fo re  the  Fock o p e ra to r is 
dependen t upon its  e igen fu nc tions . The p rocedure  fo r  s o lv in g  the  
H a rtre e -F o c k  equation is know n  as the  s e lf -c o n s is te n t- f ie ld  (S C F) 
m e thod . Th is  invo lves m aking an in it ia l guess a t the  sp in  o rb ita ls  and 
th e n  so lv in g  the eigenvalue p rob lem  (3.11) to  o b ta in  a new  se t o f  sp in  
o rb ita ls .  U s ing  these new o rb ita ls  new f ie ld s  can be ob ta ined  and the  
p rocedu re  repeated u n t il se lf-c o n s is te n c y  is  achieved. The re s u lta n t sp in  
o rb ita ls  and o rb ita l energies enable the  to ta l e le c tro n ic  energy (E 0 ) and 
m any m o le cu la r p rope rties  o f  the  N -e le c tro n  system  to  be de te rm ined .
The th e o ry  o u tlin e d  fo r  the  s o lu t io n  o f  the  H a rtre e -F o ck  equa tio n  has 
assum ed th a t the N -e le c tro n  system  is a c losed  sh e ll system . Th is 
im poses th e  re s tic tio n  th a t each sp a tia l o rb ita l is doub ly  occup ied and 
th a t  id e n tica l spa tia l o rb ita ls  are used fo r  d if fe re n t sp in  o rb ita ls . The 
e le c tro n ic  w ave func tio n  o f  a N -e le c tro n  system  com posed o f  na and n0 
e le c tro n s  in  te rm s o f  spa tia l (tjj) and sp in  fu n c tio n s  (a  and 0) is
Y  = l . } ) ^  ( D o t ( 1 )  4»1p ( 2 )  P< 2 )  oc( 3 ) + 2 P ( 4 )  p ( 4 ) ................ i|)2 lf  ( 2 n )  g ( 2 n )  I
(3.1S)
The m ethod  o f  s o lu tio n  o f  the  e le c tro n ic  S ch rod inger equa tion  us ing  a 
w a ve fu n c tio n  o f  th is  fo rm  is know n  as the  re s tr ic te d  H a rtre e -F o ck  (R H F ) 
m e thod  C 82 ]. This m ethod can be extended to  o p e n -sh e ll system s, w here 
the  num ber o f  a and 0 e le c tro n s  is inequ iva len t. In  p ra c tice  o p e n -s h e ll
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sys tem s are usua lly  trea ted  using u n re s tr ic te d  H a rtre e -F o ck  (U H F ) th e o ry  
[8 3 1 . In  the  UH F procedure d if fe re n t sp a tia l o rb ita ls  are used to  describe  
e le c tro n s  o f  a and 3 sp in  and the  re s tic t io n  o f  doub le  occupancy o f  the  
s p a tia l o rb ita ls  is l if te d .  The procedure  used to  so lve th e  e le c tro n ic  
S ch rod ing e r equation using an u n re s tr ic te d  w ave func tio n  is  ana logous to  
th e  RHF m ethod. The m in im iza tio n  o f  the  energy w ith  re sp e c t to  the  
cho ice  o f  o rb ita ls  re s u lts  in  the  d e riva tio n  o f  tw o  H a rtre e -F o c k  equa tions 
co rre sp o n d in g  to  the  sp a tia l o rb ita ls  o f  a and 3 e lec trons .
F i“  <ha = Si <J>i“  (3.16)
F® <l<iS = <l>iB (3.17)
U n lik e  the  e le c tro n ic  w ave func tio n  ob ta ined  fro m  the  RHF m e thods  the 
U H F  w ave func tio n  is n o t a pure s ta te  and is th e re fo re  n o t an 
e ig e n fu n c tio n  o f  the spin ope ra to rs  Sz and Sz . Th is  is a re s u lt  o f  the 
w a ve fu n c tio n  con ta in ing  con tam ina tin g  com ponents fro m  s ta tes  o f  h ighe r 
m u lt ip lic it ie s .  Provided the  spin con ta m in a tio n  fro m  h ighe r sp in  s ta tes  is 
s m a ll the  UHF w ave func tio n  re s u lts  in  a lo w e r energy and im proved  
va lues o f  m o lecu la r p rope rtie s  fo r  op e n -sh e ll system s due to  the  
increased f le x ib i l i ty  in  the  choice o f sp in  fu n c tio n s .
The s o lu tio n  o f  the  H a rtre e -F o ck  equations fo r  m o lecu les  is u su a lly  
p e rfo rm e d  by a m ethod proposed a lm o s t s im u ltaneou s ly  by H a ll [ 8 4 ]  and 
Roothaan [ 85 ] in  w h ich  the  basis sp a tia l o rb ita ls  are expressed in  te rm s  
o f  a lin e a r com b ina tion  o f  m basis fu n c tio n s  <p.
m
= 2  c iq  <pq (3.18)
q=l
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The se t o f  fu n c tio n s  { <pq } is know n as the basis se t and by adop tin g  
th is  expansion techn ique, the  H a rtre e -F o ck  equa tion  can be so lved fo r  
m o le cu la r system s. The la rg e r and more com p le te  the  se t o f  fu n c tio n s  <pq 
th a t  is chosen the  c lo se r the approx im ate  m o le cu la r s p a tia l o rb ita ls  are 
to  the o rb ita ls  th a t w o u ld  be ob ta ined  by d ire c t s o lu tio n  o f  the  
H a rtre e -F o ck  equations. The m o le cu la r energy ob ta ined  by d ire c t s o lu tio n  
o f  the  H a rtre e -F o ck  equations is know n  as the  H a rtre e -F o c k  l im it .  In  
p ra c tice  any f in ite  value o f m w i l l  lead to  an energy som ew hat above the 
H a rtre e -F o ck  l im it .
The p rim a ry  de fic iency o f the H a rtre e -F o ck  th e o ry  is the  inadequate 
tre a tm e n t o f  the  co rre la tio n  betw een m o tio n s  o f  e lec trons . The 
s in g le -d e te rm in a n t w ave func tio n  em ployed in th is  m e thod  takes no 
accoun t o f th e  c o rre la tio n  betw een e lec trons  w ith  oppos ite  spin. 
C o rre la tio n  o f  th e  m o tio n s  o f  e lec trons  o f  the  same sp in  is p a r t ia lly  
accounted fo r  by the  v ir tu e  o f  the d e te rm in a n ta l fo rm  o f  the 
w ave func tio n . The c o rre la tio n  lim ita t io n  leads to  ca lcu la te d  energies th a t 
are h igher than  the exact n o n -re la t iv is t ic  energy. The d iffe re n ce  betw een 
the  energy a t the  H a rtre e -F o ck  l im it  and the exac t energy is know n  as 
the  co rre la tio n  energy. Several advaced quantum  m echanica l techniques 
have been developed to  inco rpo ra te  c o rre la tio n  e ffe c ts  in  ab in i t io  
m o le cu la r o rb ita l ca lcu la tion s . The p rin c ip a l m ethods used to  s tudy  the 
c o n tr ib u tio n  o f  the  co rre la tio n  energy to  the  to ta l m o le c u la r energy are 
c o n fig u ra tio n  in te ra c tio n  (C l) ,  m u lt i-c o n fig u ra tio n a l SCF (M C S C F) and 
m any body p e rtu rb a tio n  theo ry  (M B P T ). A  recen t rev iew  by Simons [ 8 6 ]  
p rov ides a good in tro d u c tio n  to  the sub jec t o f  m odern  ab in it io  quan tum  
chem is try . Several e xce lle n t books e x is t g iv ing  com prehensive d e sc rip tio n s  
o f  H a rtre e -F o ck  theo ry  and the m ore advanced quan tum  m echanical
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m ethods  used to  inco rpo ra te  c o rre la tio n  e ffe c ts . Three o f  w h ich  have 
been fre e ly  co n su lte d  in  co m p ilin g  th is  sec tion  are those  by Szabo and 
O s tlu n d  C 87], Hehre e t al. [ 8 8 ]  and D yks tra  [8 9 ] .
3.2.3 O rb ita ls  and Basis Functions
The s o lu tio n  o f  the e le c tro n ic  S chrod inger equa tion  th ro u g h  the 
H a rtre e -F o c k  app ro x im a tio n , as o u tlin e d  in  the p rev ious section , assumes 
th a t  an in it ia l se t o f  spin o rb ita ls  are chosen to  describe the  e le c tro n ic  
w a ve fu n c tio n . These spin o rb ita ls  com prise  a p ro d u c t o f  sp a tia l fu n c tio n s  
4>j(R, r )  and e ith e r an a o r (3 spin fu n c tio n . The sp in  o rb ita ls  fo rm ed  
fro m  the  p ro d u c t describe b o th  the sp in  and sp a tia l coo rd ina tes  o f  the  
i th  e le c tro n . The spa tia l fu n c tio n s  o f m o lecu les  are te rm ed m o le cu la r 
o rb ita ls .  These m o le cu la r o rb ita ls  are in  p ra c tice  described as lin e a r 
co m b in a tio n s  o f  know n  o n e -e le c tro n  fu n c tio n s , q?j(x, y, z). The fo rm a tio n  
o f  m o le c u la r o rb ita ls  fro m  o n e -e lec tro n  basis fu n c tio n s  is know n  as the 
lin e a r co m b in a tio n  o f  a tom ic  o rb ita ls  (L C A O ) m ethod. The m o le cu la r 
o rb ita l is th e re fo re  expressed in  te rm s o f  the  a to m ic  basis fu n c tio n s
N
iM x ,  y, z ) = Z  c u i<pu (3.19)
u=l
w here  c ui are the m o lecu la r o rb ita l expansion c o e ffic ie n ts . These 
c o e ff ic ie n ts  p rov ide  the o rb ita l d e sc rip tio n  w ith  a degree o f  f le x ib i l i t y  
th a t  enables its  use in  the H a rtre e -F o ck  ap p ro x im a tio n .
T w o  types o f  basis fu n c tio n s  (<pu ) are in  w idespread use. The f i r s t  
typ e  o f  basis uses S la te r type o rb ita ls  (S T O s) [9 0 ] .  These are fu n c tio n s  
w h ich  are ana logous to  the  ac tua l so lu tio n s  o f  the  S chrod inger equation
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o f  th e  hydrogen a tom  b u t possess d if fe re n t nodal p ro p e rtie s . These 
fu n c t io n s  in the fo rm  o f  sphe rica l coo rd ina tes  are described b y  (3 .20 )
9n7m <r. 9> = 9 ) (3.20)
w here  n, 1 and m are the  p rin c ip a l, az im u tha l and m agne tic  quan tum  
num bers  respective ly ; r, $  and cp have th e ir  usual m eaning in  a ra d ia l 
c o o rd in a te  system , A n is a n o rm a liz in g  fa c to r  and Y 1>m(§ , <p) are the  
u nno rm a lize d  spherica l harm onics w h ich  in tro d u ce  the  re q u ire d  angu la r 
dependence. The te rm  r n_1 G is the  rad ia l p a r t o f  the  w a ve fu n c tio n  
and C is the  e ffe c tive  nuc lea r charge o r m ore s im p ly  the  o rb ita l exponent.
The second, and m ore w id e ly  used, type  o f  basis fu n c tio n s  are gaussian 
typ e  a tom ic  o rb ita ls  (G T O s) w h ich  were f i r s t  in tro d u ce d  in to  m o le cu la r 
o rb ita l ca lcu la tion s  by Boys [ 911.
9 ^ 1 °  <r. » . 9> = A N r n- * e ' " r2 9 ) (3.21)
Gaussian fu n c tio n s  are less s a tis fa c to ry  fo r  the  re p re se n ta tio n  o f  a tom ic  
o rb ita ls  than S la te r type  o rb ita ls  because they do n o t have a cusp a t 
th e ir  o rig in . H owever, they have the  advantage th a t in te g ra ls  in vo lv in g  
gaussian basis fu n c tio n s  are easier to  evaluate than in te g ra ls  in vo lv in g  
STOs.
To im prove the re p re se n ta tio n  o f  m o lcu la r o rb ita ls  by  gaussian 
fu n c tio n s , linea r com b ina tions  o f  gaussian fu n c tio n s  (g * )  are used as 
bas is  fu n c tio n s
<Pu = ^  ^ u iS ii
(3.22)
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w here  g j are in d iv id u a l gaussian fu n c tio n s  and the  c o e ff ic ie n ts  d ,^  are 
fix e d . Basis fu n c tio n s  o f  th is  type  are ca lled  c o n tra c te d  gaussians, the 
in d iv id u a l gaussian fu n c tio n s  be ing te rm ed p r im itiv e  gaussians.
The la rg e r and m ore  co m p le te  the set o f  basis fu n c tio n s  {<pu } the  
g re a te r the degree o f  f le x ib i l i t y  in  the  expansion o f  the  sp in  o rb ita ls  and 
the  lo w e r w i l l  be the  e xp e c ta tio n  value o f the  m o le c u la r energy. Larger 
and la rg e r basis se ts w i l l  keep lo w e rin g  the H a rtre e -F o c k  energy u n t i l  
the  H a rtre e -F o ck  l im i t  is  reached. A  la rge  num ber o f  s ta n d a rd  basis sets 
n ow  e x is t fo r  use in  ab in it io  m o le cu la r o rb ita l c a lc u la tio n s . The choice 
o f  a basis se t fo r  any c a lc u la tio n  is dependent upon th e  accuracy o f  the 
basis se t in  rep resen tin g  a p a r t ic u la r  m o le cu la r p ro p e r ty  and the
co m p u ta tio n a l tim e  ava ilab le . A  s tudy by Davidson and F e lle r  [ 9 2 ]  
p rov ides a com prehensive gu ide to  the e vo lu tio n  o f  th e  co m m o n ly  used 
basis sets and the in h e re n t p rob lem s in chosing th e  c o rre c t set. A  
d e sc rip tio n  o f  the  basis sets requ ired  fo r  very h igh  q u a lity  ab in it io
ca lcu la tion s  is given by A lm lo f  e t a l. [9 3 ] .
3.3 A b  In it io  O n e -E le c tro n  P roperties
3.3.1 H ype rfine  C o u p lin g  C o ns tan ts
There are tw o  m ain m agne tic  in te ra c tio n s  be tw een  th e  unpa ired
e le c tro n  and the m agne tic  nuc le i in  an o rgan ic ra d ica l. The f i r s t  
in te ra c tio n  is the  c lass ica l d ip o la r in te ra c tio n  be tw een  the  m agne tic
m om ents o f  the nuc le i and the  e lec tron . This in te ra c t io n  is  s tro n g ly  
a n iso tro p ic . I t  is n o t observed in  liq u id s  because due to  th e  rap id  and 
d iso rdered  m o tions  o f  the  m o lecu les i t  averages to  zero . The m o s t
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s ig n if ic a n t in te ra c tio n  is the  is o tro p ic  o r  F e rm i-c o n ta c t hype rfine  
in te ra c tio n . Th is  in te ra c tio n  can be expressed by th e  sp in  H a m ilto n ia n
A A A
H = A n S . I  (3.23)
fo r  the  s im p lif ie d  case o f  an e le c tro n  c o u p lin g  w ith  one m agnetic  nuc le i. 
A n  is the  hype rfine  coup ling  cons tan t, w h ich  is a measure o f  the
A A
unpa ired  sp in  dens ity  a t the  s ite  o f  nuc leus N and S and I are the  
e le c tro n  and nuc lea r sp in  opera to rs , re sp e c tive ly . A N is re la te d  to  the  
e le c tro n ic  w a ve fu n c tio n  (ij>) describ ing  the  system  by the equation
A N = 8 tt g e g N Pe PN < ^ l p N ( r ) l ^ >  (3 .24 )
3h
w here  g e and g N are the  e le c tro n  and nuc lea r g - fa c to rs  respective ly ; (3e 
is the  B ohr m agneton; (3N the nuc lea r m agneton  and < cj; I P N ( r )  I <j> > is 
the  e xp e c ta tio n  value o f  the  sp in  dens ity  a t the  p o s it io n  o f  nucleus N. 
The hyp e rfin e  coup ling  co n s ta n t is th e re fo re  eas ily  eva luated fro m  the  
e le c tro n ic  w ave func tio n  obta ined fro m  an ab in i t io  ca lcu la tio n .
A t  the  H a rtre e -F o ck  leve l fo r  ce rta in  ra d ica ls , ab in i t ia l ly  com puted  
h yp e rfin e  co u p lin g  cons tan ts  show poo r agreem en t w ith  experim en t [ 9 4 ] .  
T h is  p ro b le m  can be overcom e to  some e x te n t th ro u g h  the in c lu s io n  o f  
c o rre la t io n  and v ib ra tio n a l co rre c tio n s  as show n by the  w o rk  o f  C hipm an 
e t a l. [7 6 , 9 5 ] and Carm ichael [6 8 ] .
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3.3.2 Nuclear Quadrupole Coupling
Q uadrupo le  coup ling  arises fro m  the  in te ra c tio n  o f  a n u c le a r 
q u a d ru p o le  m om ent (Q ) w ith  the  e le c tr ic  f ie ld  g ra d ie n t (e fg )  genera ted  
a t th e  nucleus by the su rround ing  e le c tro n  and nuc lea r charge c lo u d s . 
The quad rupo le  m om ent is a measure o f  the  dev ia tio n  o f  nuc lea r charge 
fro m  spherica l sym m etry  and is possessed by nuc le i o f  sp in  I  > 1 /2 . The 
energy  a ris ing  fro m  the quadrupo le  in te ra c tio n  is dependent upon the  
o r ie n ta t io n  o f  the  quadrupole m om ent in th e  e le c tr ic  f ie ld . The 
H a m ilto n ia n  describ ing  th is  in te ra c tio n  can be w r it te n
A A A A
H = I . Q . I  (3 .2 5 )
A A
w here  I is the  nuclear spin o p e ra to r and Q is  the  quadrupo le  energy 
te n so r, u su a lly  expressed in  te rm s o f  com ponen ts  o f  the  e le c tr ic  f ie ld  
g ra d ie n t ( q xx, qyy, qz z ). The quadrupo le  energy te n so r has a p r in c ip a l 
ax is  system  ( x, y, z ) in  w h ich  i t  is d iagona l. In  th is  system  the  
H a m ilto n ia n  can be w r it te n  in the  s im p lif ie d  fo rm
Hq = 1_ A C 3IZ2 - Id  + 1) + 7)(IX2 - Iy2)] 
2
w here
^ ~ ^ x x  ^ y y
‘Jzz
w ith
I q I ^ I q yy  I ^ I q x x  !
(3 .26 )
(3 .27 )
(3 .2 8 )
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7j is  an asym m etry pa ram ete r w h ich vanishes in  an a x ia lly  s y m m e tr ic  f ie ld  
g ra d ie n t (q x x = q yy = q Z2) and
A = e2 q zz Q (3 .29)
21(21  -  1)
w here  Q is the  nuc lea r quadrupo le  m om en t and q zz is  th e  zz -co m p o n e n t 
o f  the  e le c tr ic  f ie ld  g ra d ie n t a t the  nucleus. The p ro d u c t e2q zzQ is 
re fe rre d  to  as the quadrupo le  coup ling  cons tan t.
The com ponents o f  the  e le c tr ic  f ie ld  g rad ien t a t a nuc leus  can be 
eva lua ted  using ab in i t io  m o le cu la r o rb ita l theory . In a m o le cu le  the  e fg  
a t a p a rtic u la r  nucleus N is  g iven by the  expec ta tio n  va lue  o f  the  f ie ld  
g ra d ie n t ope ra to r
e q zz = < 1 3 cos2 & -  1 1 > (3 .3 0 )
r 3
w here  r  is the  rad ius v e c to r fro m  the nucleus to  the  e le c tro n , $  is the  
ang le  between r  and the  nuc lear fix e d  z -a x is  and Is th e  e lc tro n ic  
w ave func tion .
S tud ies o f the  quadrupo le  coup lings  in  the w a te r m o le cu le  by  Keshari 
e t a l. [  96 ] and in  am m onia by Gejji and L u n n e ll [ 97 ]  show  th e  a b il i ty  o f  
c u r re n t ab in it io  ca lcu a ltio n s  in p rov id ing  quadrupo le  c o u p lin g s  in  good 
agreem ent w ith  experim en t.
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3.4 V ib ra tio n a l C o rre c tio n s  to  A b  In it io  M o le cu la r P rope rties
3.4.1 In tro d u c tio n
A s m entioned in  the  p re lude  to  th is  chap te r v ib ra tio n a l co rre c tio n s  
enables a s tudy  o f  the  e ffe c t o f  is o to p ic  s u b s t itu t io n  on ab in it io  
ca lcu la te d  m o le cu la r p ro p e rtie s  to  be perfo rm ed. The c a lc u la tio n s  a lso  
enable the d e te rm in a tio n  o f  the  c o n tr ib u tio n  o f nuc lea r v ib ra tio n a l m o tio n  
to  iso tope  e ffe c ts .
In  th is  section  a v a r ia tio n -p e rtu rb a tio n  technique th a t can be app lied  to  
th e  ca lcu la tio n  o f  v ib ra tio n a l co rre c tio n s  is presented. T h is  m e thod  has 
been fu l ly  developed by K ern  and M atcha; and E rm le r e t a l. [9 8 , 99, 100, 
101 ]. The in it ia l stage o f  th is  techn ique is the c a lc u la tio n  o f  ab in it io  
p o te n tia l energy and p ro p e rty  surfaces o f  the species o f  in te re s t. The 
com puted  surfaces are then  f i t  to  ana ly tic  express ions using a 
leas t-squa re s  f i t t in g  ro u tin e . The derived ana ly tic  energy fu n c t io n  is  used 
in  a s tandard no rm a l mode analysis w h ich  enables the  tra n s fo rm a tio n  
m a tr ix  to  norm al coord ina tes  to  be com puted [102, 1031. The p ro p e rty  
and energy expansions are then re-expanded as T a y lo r series fu n c tio n s  o f  
the  no rm a l coord ina tes. These expressions are then used in  a p e rtu rb a tio n  
th e o ry  analysis o f  the  v ib ra tio n a l co rrec tions . The co m p u te r p rog ram  
SU RVIB  has been developed by H ard ing  e t a l. [1 0 4 ] to  p e rfo rm  a 
leas t-squa re s  f i t  to  ab in it io  p ro p e rty  surfaces and to  com pu te  values o f  
th e  v ib ra tio n a lly  averaged p rope rties .
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3.4.2 Theoretical D escription
W ith in  the B o rn -O p p e n h e im e r app rox im a tion  the  e le c tro n ic  and nuc lea r 
m o tio n s  o f  the  system  are uncoup led  and the to ta l w a v e fu n c tio n  o f  the  
S ch rod inge r equa tion  can be w r it te n  as the p ro d u c t o f  a n u c le a r and 
e le c tro n ic  fu n c tio n . The e le c tro n ic  w ave function  can be de rived  us ing  ab 
in i t io  m o le cu la r o rb ita l th e o ry  as described in  the p rev ious  sec tion . The 
n u c le a r w a ve fu n c tio n  d e sc rib ing  the  v ib ra tio n a l m o tio n  o f  th e  nu c le i in 
the  system  can be ob ta ine d  by s o lu tio n  o f  the v ib ra tio n a l H a m ilto n ia n
c o n tr ib u tio n s  to  the  v ib ra tio n a l energy o f the system , re sp e c tive ly . The 
param eters  0^ , k j j k  and k j j k l  are the frequencies o r  fo rc e  co n s ta n ts  
co rrespond ing  to  the  reduced norm a l coord ina tes q ^  The nuc lea r 
w a ve fu n c tio n  y v ob ta ined  by s o lu tio n  o f the v ib ra tio n a l w a ve fu n c tio n  
us ing  R a y le ig h - S chrod inge r C105 3 p e rtu rb a tio n  th e o ry  enables the  
d e riva tio n  o f any m o le c u la r p ro p e rty  in  a given v ib ra tio n a l s ta te . The
(3.31)
w here
(3 .32 )
H v(1) = £  k i j k q j q j q k
i j k
(3.33)
and
H v(2) = S k i j ^ q i q j q k q !
i j k l
(3 .34 )
The te rm s H v( o \  H v(1> and H v(2 ) are the harm on ic  cub ic  and q u a rtic
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n u c le a r w a ve fu n c tio n  describ ing the v ib ra tio n a l m o tio n  o f  th e  nuc le i can 
be ob ta in e d  by  assum ing convergence o f
Xv = Xv<0) * X x vU)  ♦ X2 Xv<2> (3.35)
and
Ev = Ev<o) + X E v(t>  + X2 Ev<2) (3 .3 6 )
w he re  X is an o rd e ring  param eter and E v is the  v ib ra tio n a l energy 
assoc ia ted  w ith  w ave func tio n  x v . S u b s titu t io n  o f  equations (3.35) and 
(3 .3 6 ) in to  the  v ib ra tio n a l Schrod inger equa tion
H v x v = E v x v (3 .37)
leads to  the  ze ro -o rd e r, f i r s t -o rd e r  and second -o rd e r p e rtu rb a tio n  
equa tio ns
< H v(o )  -  Ev<o))Xv<0> = 0 (3-38)
<H v(o )  -  E v(o > ) x v(1) + ( H v(1> -  E ^ ’ j X v " ’ = 0 (3.39)
and
(H ( 2 ) -  E ( 2 ) )X
(o) + (H ( l ) -  E ( l ) v  ( 1)J  ’  A. V + (H
(o) -  E ( o ) >Xv(2) = 0
(3 .4 0 )
F rom  (3 .38 ), (3.39) and (3 .4 0 ) the  zero and f ir s t -o rd e r  s o lu tio n s  to  the  
v ib ra tio n a l S chrod inger equation can be obta ined.
The s o lu t io n  X v 0> to  the  z e ro -o rd e r equation  (3 .38 ) is  a s im p le
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p ro d u c t o f  harm on ic  o s c il la to r  fu n c tio n s  o f  the  fo rm
Xv(0 )  = X v ^ q i )  Xv2 (<i 2 ) .................. XvN <qN> (3.41)
w here
Xvj(qi> = NViHVl(qi)exp(-J_qi2) (3.42)
2
N Vi is  a n o rm a liza tio n  fa c to r  and H Vi are the  H e rm ite  p o ly n o m ia ls  o f  
degree Vj in  the  variab les q j. U s ing  the  z e ro -o rd e r s o lu t io n s  as an 
expansion  set fo r  the f ir s t -o rd e r  w a ve fu n c tio n
(1) V  ( D  ( ° )  / O /IXv = 2  a vu Xu (3.43)
U =  V
w ith  each expansion c o e ffic ie n t a ^  be ing  associated w ith  e x c ita tio n s  o r 
d e -e x c ita tio n s  o f  Xu 0 )> t i^e  f ir s t - o rd e r  co rre c tio n  to  the  w a ve fu n c tio n  
can be obta ined. As a consequence o f  the  f ir s t -o rd e r  energy van ish ing  due 
to  a ll the  te rm s in H v(1) be ing odd in  a t le a s t one d isp la ce m e n t 
co o rd in a te , the  w ave func tio n  X x/1  ^ ls  ob ta ined us ing  a v a ria tio n a l 
approach. Th is m ethod requ ires cons ide ra tio n  o f  the  se co n d -o rd e r 
p e r tu rb a tio n  equation  (3 .4 0 ). U s in g  th e  expansion (3 .43) to  re p re se n t the  
f ir s t - o rd e r  co rrec ted  w ave func tio n  x v(1 )> se co n d -o rd e r energy
/■v
fu n c tio n a l (E )  is given by C105 ]
To o b ta in  the  c o e ffic ie n ts  o f  expansion (3.43) the  energy fu n c tio n a l E v(2 )  
is m in im ized  w ith  respec t to  the f ir s t -o rd e r  w a v e fu n c tio n  Xv*1*- E x p lic it  
exp ress ions fo r  the  expansion co e ffic ie n ts  o f  Xv*1* have been derived by 
E rm le r e t a l. C1013. A lth o u g h  th is  m ethod can be genera lized  to  inc lude  
second and h ig h e r-o rd e r p e rtu rb a tio n  c o rre c tio n s  to  th e  w ave func tio n , 
here lo w - ly in g  v ib ra tio n a l s ta tes  are cons idered  and th e  p e rtu rb a tio n  
co rre c tio n s  are re s tr ic te d  to  f ir s t -o rd e r  te rm s . The v ib ra tio n a l 
w a ve fu n c tio n  is  th e re fo re  app rox im a ted  by
Xv = Xv<0> ♦ Xv(1> (3.45)
and is no rm a lized  th ro u g h  f ir s t-o rd e r .  The in c lu s io n  o f  f ir s t -o rd e r  
c o rre c tio n s  a llo w s  the  e ffe c ts  o f  anha rm on ic ity  in  th e  v ib ra tio n a l m o tio n  
o f  a system  to  be s tud ied . The w a ve fu n c tio n  x v co rre c te d  th ro u g h  
f i r s t - o rd e r  a lso  enables v ib ra tio n a l co rre c tio n s  to  e xp e c ta tio n  values 
averaged over e le c tro n ic  w ave func tio ns  o f  p o ly a to m ic  m o lecu les  to  be 
ca lcu la ted . The v ib ra tio n a lly  averaged e xp e c ta tio n  va lue  is  given by the 
equa tion
<P>V = <Xvl  Pe IXv > / < X v 'Xv > (3.46)
where
PE = <4H P I< l> > /< ip l4 > >  (3 .47)
and <|> and Xv are> respec tive ly , the  e le c tro n ic  and v ib ra tio n a l 
w a ve fu n c tio n s . The o p e ra to r PE is  the  a n a ly tic  fo rm  o f  th e  e le c tro n ic  
p ro p e rty  ob ta ined  fro m  the  leas t-squares f i t t in g  ro u tin e . In  reduced
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n o rm a l coord ina tes near the  e q u ilib riu m  c o n fig u ra tio n  o f  th e  system  the  
a n a ly tic  fu n c tio n  can be represented by a m u ltid im e n s io n a l po w e r series 
o f  the  fo rm
N  N  N
PE = Po + 2  o c ^  + % 3 i jq iq j  + Z  Y ^ k ^ i  <lk + ............  (3 .4 8 )
i = l  i , j  = l  i , j , k  = l
w here  a, 3 and y  are expansion co e ffic ie n ts  and PQ is  the  va lue o f  PE a t 
th e  m in im um  energy co n fo rm a tio n  o f  th e  system . S u b s titu tio n  o f  
equa tions (3 .48 ) and (3 .45 ) in to  (3 .46 ) a llo w s  the  c a lc u la tio n  o f  the  
v ib ra tio n a lly  averaged p ro p e rty . This p rocedure  leads to  the  quan tum  
num ber ( v )  expansion fo r  v ib ra tio n a l co rre c tio n s  to  e le c tro n ic  p ro p e rtie s  
o f
N  N
< P > V = c  + s  A i ( v j  + 1 / 2 )  + z  B m ( Vj + l / 2 ) ( v j  + 1 / 2 )  (3 .49 )
i = l  i ^ j
w here  C, A  and B are expansion c o e ffic ie n ts  derived fro m  the  no rm a l 
frequencies ( u )  ob ta ined  fro m  the norm al mode ana lys is  and th e  p ro p e rty  
expansion c o e ffic ie n ts  o f  (3 .48). The in it ia l te rm  C o f  equa tion  (3 .49 ) is 
independent o f  the  v ib ra tio n a l sta te  o f  the  p o ly a to m ic  system . The 
rem a in ing  te rm s w h ich  are dependent on the  v ib ra tio n a l s ta te  p rov ide  a 
m easure o f  the  harm on ic  and anharm onic c o n tr ib u tio n s  to  the  v ib ra tio n a l 
averaging. The v ib ra tio n a l co rrec tions to  the  com pu ted  m o le cu la r 
p ro p e rtie s  can be de fined  as the d iffe rence  be tw een the  v ib ra tio n a lly  
averaged p ro p e rty  < P > v and the value o f  th e  p ro p e rty  a t the  s ta tio n a ry  
p o in t o f  the  p ro p e rty  fu n c tio n  PE. These c o rre c tio n s  are th e re fo re  
ob ta ine d  by  the com b ina tion  o f  second-o rder p e rtu rb a tio n  th e o ry  w ith  ab 
in i t io  m o le cu la r o rb ita l theory.
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T h is  technique provides a th e o re tic a l m ethod fo r  s tu d y in g  iso to p e  
e ffe c ts  on m o lecu la r p rope rties . The iso tope  dependence o f  the  p ro p e rtie s  
is in tro d u ce d  in  the tra n s fo rm a tio n  o f  the in te rn a l co o rd in a te  a n a ly tic  
p ro p e rty  fu n c tio n  to  the  mass dependent norm a l co o rd in a te  a n a ly tic  
fu n c tio n . The ab in it io  p ro p e rty  surface  o f  any m o lecu le  can th e re fo re  be 
used to  com pute the m o le cu la r p ro p e rtie s  o f  a ll poss ib le  iso to p o m e rs .
The e rro rs  a ris ing  fro m  the a p p lica tio n  o f  any m ethod  o f  v ib ra tio n a l 
ana lys is  are n o rm a lly  dom inated by the  inhe ren t inaccuracies in  the 
a n a ly tic  fu n c tio n s  rep resen ting  the ab in it io  p ro p e rty  su rfaces. I t  is 
th e re fo re  im p o rta n t to  have an es tim a te  o f  the e rro r assoc ia ted  w ith  the  
f i t t in g  procedure. The e rro r es tim a te  fro m  the  p rogram  SURVIB assum es 
the  harm onic fo rce  cons tan ts  are exact and on ly  the  s tanda rd  dev ia tions  
in  the  cubic fo rce  cons tan ts  are considered. The linea r, q u a d ra tic  and 
cu b ic  co e ffic ie n ts  in the p ro p e rty  expansions are, however, a l l  inc luded . 
The e rro r lim its  o f  the  v ib ra tio n a lly  averaged p ro p e rtie s  are fo u n d  by 
add ing  the respective  s tandard dev ia tions to  b o th  the  cub ic  fo rce
co n s ta n ts  and to  the p ro p e rty  expansion c o e ffic ie n ts , repea ting  the
ca lcu la tio n s  o f the  p ro p e rty  co rre c tio n s  and then des igna ting  th ree  tim es
the  d iffe rence  betw een the tw o  re s u lts  as the e rro r  in  the  co rre c te d
p ro p e rty .
Im posed on th is  m ethod o f  v ib ra tio n a l averaging are the  re s tr ic t io n s  
a r is in g  fro m  tru n ca tio n  o f the  v ib ra tio n a l w a ve fu n c tio n  a f te r  the  
f ir s t - o rd e r  co rre c tio n  and the use o f  H a rtree -F ock  th e o ry  to  com pu te  the 
necessary p ro p e rty  and energy surfaces. F u rth e r the v ib ra tio n a l ana lys is  is 
lim ite d  to  sta tes th a t rem ain in the reg ion  o f  sm a ll v ib ra tio n s . T h is  is 
achieved by considering  v ib ra tio n a l leve ls  whose quantum  num bers  sum  to  
less than three.
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C a lcu la tio n s  o f  ab in it io  p ro p e rtie s  are in c re a s in g ly  in tro d u c in g  
c o rre c tio n s  due to  v ib ra tio n a l e ffe c ts . These co rre c tio n s  can be made due 
to  the  a v a ila b ility  o f  accura te  p o te n tia l energy surfaces fo r  sm a ll 
m o lecu les  and the  recen t advances in  the co m p u ta tio n  o f  h ig h e r-o rd e r 
de riva tives . A  com prehensive s tu d y  by C labo e t al. [1 0 6 ] in d ica te s  the 
im p roved  agreem ent betw een th e o re tic a l and expe rim en ta l p ro p e rtie s  th a t 
can be achieved by the in tro d u c tio n  o f  v ib ra tio n a l averaging. M ore  
re c e n tly  H ard ing  [  107 ] has pe rfo rm ed  an extensive v ib ra tio n a l ana lys is  o f  
hyd rogen  peroxide  and its  deu te rium  iso topom ers us ing  an ab in it io  
anharm on ic  fo rce  fie ld . The re s u lts  o f  w h ich  are in  good agreem ent w ith  
ava ilab le  expe rim en ta l data.
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CHAPTER
4 V ib ra tio n a l C o rre c tio n s  to  M o le c u la r P rope rties  o f  the  W a te r 
M o le cu le  and Selected Iso topom ers
4.1 In tro d u c tio n
A  la rge  num ber o f  de ta iled  th e o re tic a l v ib ra tio n a l ana lys is  s tud ies have 
been p e rfo rm e d  on the w a te r m o lecu le  and its  iso to p o m e rs  1 98, 99, 100, 
101, 106, 108, 109, 110, 111, 112 3. Th is  is a re f le c t io n  o f  the  s im p lif ic a tio n  o f  
the  v ib ra tio n a l p ro b le m  fo r  system s having a sm a ll num ber o f n o rm a l 
m odes o f  v ib ra tio n . A d d it io n a lly  the  p o te n tia l energy and p ro p e rty  
su rfaces necessary to  com pute  the  fo rce  co n s ta n ts  and v ib ra tio n a l 
c o rre c tio n s  are easier to  ca lcu la te  fo r  sm a ll system s. In  th is  chapter the  
v ib ra tio n a l co rre c tio n s  to  se lected m o le cu la r p ro p e rtie s  o f  the w a te r 
m o lecu le  and its  iso topom ers , in  p a r t ic u la r  M uO H  and M u 20 , are 
presented . The s u b s titu t io n  o f  hydrogen by m uon ium  is expected to  
re s u lt  in  la rge  iso tope  s h ifts  in  the ca lcu la ted  v ib ra tio n a l co rre c tio n s  to  
m o le cu la r p ro p e rtie s  o f  the  w a te r m o lecu le  due to  the  la rge  mass 
d iffe re n ce  betw een the respective  nucle i. The th e o re tic a l re s u lts  sh o u ld  
a id in  the  in te rp re ta tio n  o f  the  expe rim en ta l obse rva tion s  made by C ox 
and co -w o rk e rs  on the d iam agnetic  s ta te  fo rm e d  on m uon im p la n ta tio n  in  
17O doped ice [7 , 113. The co m p u ta tio n  o f th e  v ib ra tio n a l co rre c tio n s  to  
the  m o le cu la r p ro p e rtie s  o f the  iso topom ers  o f  w a te r were pe rfo rm e d  
us ing  the  com pu te r p rogram  SURVIB [104  3. Th is  p rog ram  uses a 
v a r ia t io n -p e rtu rb a tio n  approach as o u tlin e d  in  the  p rev ious chapter. The 
ab in i t io  ca lcu la tio n s  necessary to  ca rry  o u t the  th e o re tic a l s tud ies w ere 
p e rfo rm e d  on the  U n ive rs ity  o f  G lasgow  M ic ro V a x  3600 using the  
GAMESS m o le cu la r o rb ita l package [1133.
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4.2 The W ater Molecule
4.2.1 C o m p u ta tio n a l D e ta ils
In it ia l ly  a f u l l  geom etry  o p tim iz a tio n  o f the w a te r m o le cu le  was ca rried  
o u t a t the  SCF leve l us ing  th e  Baker o p tim iza tio n  ro u tin e  C114 3 o f  the  
GAMESS m o le cu la r o rb ita l p rog ram . The ca lcu la tio n  was p e rfo rm e d  using 
the  s tandard  6-31G ** c o n tra c te d  gaussian basis se t o f  H a riha ran  and 
Pople [ 115 ] .  In  the  SCF c a lc u la tio n  convergence was assum ed to  have 
been achieved when the  change in  the  e lem ents o f  the  d e n s ity  m a tr ix  was 
less than 10-5  in  a b so lu te  va lue in  a s ing le  SCF cycle . The convergence 
c r ite r ia  fo r  the  geom etry  o p tim iz a tio n  were th a t the  la rg e s t com ponen t o f  
the  ca lcu la ted  g ra d ie n t was less than 5 x 10-4  H a rtre e  /  B oh r and the 
ro o t-m e a n -sq u a re  g ra d ie n t was less than 1.6 x 10 4 H a rtre e  /  Bohr. The 
ca lcu la te d  e q u ilib r iu m  g eom e try  o f  the  w a te r m o lecu le  is  given in  F igure
4.1.
z
R *  = R |  = 94.3 pm
H $ e = 105.99°
F igure  4.1 O p tim ize d  geom etry  o f  the  w a te r m o lecu le .
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The to ta l energy a t th is  co n fo rm a tio n  and its  e le c tro n ic  and nuc lea r 
com ponen ts  are given b e lo w
^ T o ta l = -76.023615 E h 
E e l = -85.353449 E h 
E nuc = 9.329834 E h
The z -com ponen t o f  the  m o lecu la r d ip o le  m om e n t ( p z ) and the 
zz -co m p o n e n t o f  the  e le c tr ic  f ie ld  g rad ien t ( q z z ), in  the  p r in c ip a l axis
system , o f the  oxygen nucleus a t th is  c o n fo rm a tio n  w ere  fo u n d  to  be
—3 07.162 x 10 C m  and 1.864 a.u., respective ly . These re s u lts  are in  good 
agreem ent w ith  com parab le  ab in it io  ca lcu la tio n s  C116 D. C o rre la tio n
e ffe c ts  have been neg lected  in  th is  s tudy o f  the  w a te r m o le cu le  to  reduce
the  tim e  requ ired  to  com pute  the energy and p ro p e rty  su rfaces necessary
fo r  v ib ra tio n a l averaging. In  add ition  the w o rk  o f  Rosenberg e t a l. [ 109 ] 
has shown th a t the  com puted  v ib ra tio n a l co rre c tio n s  ob ta ine d  fro m  SCF 
and C l ca lcu la tio n s  on the w a te r m olecu le  are very  s im ila r , even fo r  the 
cases where the SCF and C l values o f  a p ro p e rty  vary s ig n if ic a n tly . The 
n e g le c t o f  c o rre la tio n  e ffe c ts  w i l l  th e re fo re  n o t a f fe c t  the  trends 
observed in  the  com pu ted  iso tope  dependent v ib ra tio n a l c o rre c tio n s  b u t 
w i l l  cons iderab ly  reduce the com pu ta tion a l e f fo r t  re q u ired  to  ca lcu la te
the  co rrec tions .
E le c tro n ic  w ave func tio ns  and p rope rties  were ca lcu la ted , a t the  SCF 
leve l, a t 120 p o in ts  a b o u t the  s ta tio n a ry  p o in t geom etry . The surfaces 
w ere b u i l t  up vary ing  the  th ree  in te rn a l coo rd ina tes  R lf R2 and $  fro m  
th e ir  e q u ilib r iu m  values R f ,  R f  and $ e over the  ranges ± 6  pm , ± 6 pm  
and ± 6 ° ,  respective ly . These ranges were chosen beacuse th e y  co rrespond  
to  the  ro o t-m e a n -sq u a re  z e ro -p o in t v ib ra tio n a l a m p litu d e s  o f  the
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m o lecu le  [9 8 , 9 9 ]. The com puted  su rfaces are com posed o f  58 s y m m e tr ic  
and 62 asym m etric  co n fig u ra tio n s .
4.2.2 V ib ra tio n a l Ana lys is
The com puted  SCF energy su rface  was f i t te d  to  a T a y lo r series 
expansion in  te rm s o f  the  in te rn a l coo rd ina te s  Rlf R2 and 8  us ing  a 
leas t-squa re s  f i t t in g  ro u tin e . The in te rn a l coo rd ina te  fu n c t io n  o b ta ine d  
fro m  the  f i t t in g  ro u tin e  cons is ts  o f  a S im m ons-P aar-F in lan  (SPF) [117] 
expansion in  te rm s o f  the  bond le n g th s  and a T a y lo r series expansion  in  
te rm s  o f  the  bond angle. T a y lo r series fu n c tio n s  in  w h ich  th e  bond 
le n g th s  are rep laced by the co rrespond ing  SPF coo rd ina te  p ro v id e  su p e rio r 
f i t s  to  the  surface, especia lly  fo r  reg ions s ig n if ic a n tly  rem oved fro m  the 
e q u ilib r iu m  geom etry. The S im m ons-P aar-F in lan  coo rd in a te  can be 
expressed as
Rs p f  = (R  -  R e ) /  R (4 .1)
w here  R is an in te rn a l coo rd ina te  bond  le n g th  and R e is  the  e q u ilib r iu m  
va lue o f  th a t in te rn a l coo rd ina te . The com puted  energy fu n c t io n  is  
expressed in  the  fo rm
3  3  3
E = E 0  + 2  K j S j  + 1 / 2  2  K | jS ;S j + 2  K ^ S i S j S k  (4.2)
i = l  i , j = l  i , j , k = l
w here  the te rm s S lt S2 and S3 are to  be id e n tif ie d  w ith  th e  SPF 
coo rd ina tes  R ^ PF = ( R j -  R ® ) /  R j  , R 2 *PF = ^ 2  ~ /  R-2 an<^ the
ang le  d isp lacem ent coord ina te  A 8  = 8 - 8 ®, respective ly . The te rm  E 0  is 
the  energy o f  the m o lecu le  a t the  SCF s ta tio n a ry  p o in t c o n fo rm a tio n . The
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expansion  c o e ffic ie n ts  K j co rrespond  to  the f ir s t -o rd e r  d e riva tive s  o f  the  
energy w ith  respect to  the  in te rn a l coord inates and are th e re fo re  zero
w hen E is expanded abou t the  m in im um  energy c o n fig u ra tio n . The
n o n -ze ro  independent expansion c o e ffic ie n ts  and K j jk , w h ich
co rrespond  to  the  second and th ird  o rd e r deriva tives o f  the  energy w ith  
re sp e c t to  the  in te rn a l coo rd ina te s , respective ly , are lis te d  in  T ab le  4.1. 
The ca lcu la ted  fo rce  co n s ta n ts  lis te d  in Table 4.1 are in  reasonab le
agreem ent w ith  e xp e rim e n ta lly  de te rm ined values o f  these param ete rs  
[118, 119].
T ab le  4.1 C a lcu la ted  independent quad ra tic  and cub ic  expansion 
cons tan ts  o f  th e  a n a ly tic  in te rn a l d isp lacem en t 
coord ina te  enegy fu n c tio n  (E )  /  a.u.
Q uad ra tic  Expansion C ons tan ts  Cubic Expansion C o n s ta n ts
* 1 1 1.009 K m -0.1719
* 1 2 -0.01956 * 1 1 2 -0.02146
K l 3 0.05443 K i l 3 0.04749
* 3 3 0.08933 K l 2 3 -0.01196
K 133 -0.02955
K 333 -0 .02824
E xpress ion  (4.1) was a c tu a lly  expanded to  inc lude  fo u r th -o rd e r  te rm s, 
a lth o u g h  they are n o t e x p lic it ly  requ ired  fo r  the  p e r tu rb a tio n  tre a tm e n t 
used to  ca lcu la te  the  v ib ra tio n a l co rre c tio n s  they are inc luded  as they  
r e s u lt  in  reduced e rro rs  in  the  cub ic  expansion c o e ffic ie n ts . F o u r th -o rd e r  
expansions were used in  a ll ca lcu la tio n s  on the  w a te r m o le cu le  to
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m in im ize  the  e rro rs  in  the  com puted re s u lts  excep t fo r  the  iso to p o m e r 
M uO H . For th is  is o to p ic  va rian t the lo w e s t e rro rs  in  the  re s u lts  fo r  the  
v ib ra tio n a l c o rre c tio n  to  the d ipo le  m om ent w ere ob ta ined  using a 
th ird -o rd e r  expansion. The com puted energy fu n c tio n  (E )  reproduces the 
120 ca lcu la ted  energies w ith  a m axim um  e rro r  o f  6 .0  x  10 “ 7 and a 
ro o t-m e a n -sq u a re  e rro r  o f  2.5 x 10 7 a.u. The s ta tio n a ry  p o in t o f the  
a n a ly tic  fu n c tio n  has an energy o f -76.023615 E h and in te rn a l coord ina tes 
R j = R2 = 94.3 pm  and a = 105.97°.
The ca lcu la ted  ha rm on ic  fo rce  constan ts  are used to  generate the 
ha rm on ic  frequencies and the tra n s fo rm a tio n  m a tr ix  to  the  reduced 
n o rm a l coo rd ina te  fram e  fo r  the iso to p ic  va ria n ts  H 2 0 ,  H D O , D 2 0 , 
M u O H  and M u 2 0 . The harm onic frequencies and the  z e ro -p o in t energy o f  
each o f  these species obta ined fro m  the th e o re tic a l ab in i t io  energy 
su rface  are g iven in  Tab le  4.2.
Tab le  4.2 C a lcu la ted  harm onic frequencies ( o j )  /  c m -1  and harm onic 
z e ro -p o in t energies ( E z p ) /  cm -1  fo r  H 2 O t D O H , D 2 0 ,
M u O H  and M u 2 0
Iso topom ers h 2 o D O H d 2 o M u O H M u 20
G )1 4263.99 4208.54 3126.31 12184.00 12251.34
u 2 1770.37 1551.87 1295.88 3767.36 5079.63
G )3 4147.83 3055.51 2989.82 4252.90 12126.08
E xp 5091.16 4407.96 3706.00 10102.13 14728.52
The subsc rip ts  1, 2 and 3 re fe r to  the sym m e tric  s tre tc h  (a )*), bend (co2 ) 
and asym m etric  s tre tc h  ( 0)3 ) fo r  H 2 0 , D 2 0  and M u 2 0 ; and O - H ( M u )  
s tre tc h  ( to j ) ,  O - D ( H )  s tre tc h  ( co3 ) and bend ( g j 2 ) fo r  H D O  and M u O H .
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The in te rn a l c o o rd in a te  a n a ly tic  fu n c tio n  (E )  is re -e xp a n d e d  in  te rm s  o f  a 
n o rm a l c o o rd in a te  expans ion  using the  tra n s fo rm a tio n  m a tr ix  ob ta ine d  
f ro m  the  n o rm a l m ode ana lys is. The a n a ly tic  n o rm a l co o rd in a te  energy 
fu n c t io n  has th e  fo rm
3  3  3
E = E 0  + 2  o c ^ i + 2  P ijq iq j + Z  T ^ i ^ k
i = l  i , j = l  i , j , k = l
w here  q j are the  reduced no rm a l coo rd ina te s  and a, 3 and y  are th e  
expans ion  c o e ff ic ie n ts . T ab le  4.3 l is ts  the  n o rm a l c o o rd in a te  expansion  
c o e ff ic ie n ts  o f  e xp ress ion  (4 .3)  fo r  the  is o to p ic  v a ria n ts  o f  the  w a te r  
m o le cu le  under co n s id e ra tio n .
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T ab le  4.3 N o rm a l co o rd in a te  expansion  c o e ff ic ie n ts  /  x  102 f o r  th e
energy fu n c t io n  ( E ) 
iso to p o m e rs  /  a.u.
o f  the  w a te r m o le cu le  
Is o to p o m e r
and its
C o e ff ic ie n t ( x  102 ) a H 2 0 H D O d 2 o M u O H M u 2 0
3 11 0.01887 0.01838 0.01014 0.15409 0.15580
3 2 2 0.00325 0.00250 0.00174 0.01473 0.02678
3 3 3 0.01786 0.00970 0.00928 0.01877 0.15263
T i n 0 .0 0 0 0 0 0.00054 0 .0 0 0 0 0 0.01304 0 .0 0 0 0
Y 112 0 .0 0 0 1 0 0.00005 0 .00004 -0.00113 0.00228
T 113 0.00115 -0 .00007 0.00045 0.00018 0.02763
Y 122 0 .0 0 0 0 0 - 0.00011 0 .0 0 0 0 0 -0.00381 0 .0 0 0 0 0
T 1 2 3 0 .0 0 0 0 0 0.00006 0 .0 0 0 0 0 0.00209 0 .0 0 0 0 0
T 1 3 3 0 .0 0 0 0 0 -0 .0 0 0 0 4 0 .0 0 0 0 0 -0 .00029 0 .0 0 0 0 0
Y222 - 0 .0 0 0 0 1 - 0 .0 0 0 0 1 0 .0 0 0 0 0 0.00011 -0 .00039
Y 2 2 3 - 0 .0 0 0 1 0 0 .0 0 0 0 1 -0 .0 0 0 0 4 -0 .00035 -0.00215
Y 2 3 3 0 .0 0 0 0 2 0 .0 0 0 0 2 0 .0 0 0 0 0 -0 .0 0 0 3 8 0 .0 0 1 0 2
Y 3 3 3 0.00037 - 0 .0 0 0 2 0 0.00014 -0 .0 0 0 4 7 0.00921
E x p a n s io n  c o e ffic ie n ts  o f  a d so lu te  value less th a n  1 x  10- 7  are g iven  as
e x a c tly  zero.
The d iffe re n ce  betw een the expansion c o e ff ic ie n ts  lis te d  in  T ab le  4.3 
re s u lts  fro m  the  tra n s fo rm a tio n  to  mass dependen t n o rm a l co o rd in a te s . 
These c o e ffic ie n ts  and the  com pu ted  ha rm on ic  frequenc ie s  ( 0^ )  enab le  the  
expans ion  co n s ta n ts  o f  th e  quan tu m  num ber ( v )  expansion  fo r  th e  energy
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to  be de te rm ined . Th is  qu a n tu m  num ber expans ion  is u s u a lly  exp ressed  in  
the  fo rm
3 3
Ev = G + 2 AjlVi + 1/2) + S Bj, (vj + 1 /  2) (v, + 1/2) (4.4)
i= i  i* j
and enables the  v ib ra tio n a l c o rre c tio n s  to  the  energy fo r  each is o to p o m e r 
to  be ca lcu la ted . The expansion  co n s ta n ts  o f  ( 4 . 4 )  fo r  se le c te d  is o to p ic  
va ria n ts  o f  the  w a te r m o le cu le  are lis te d  in  Tab le  4.4.
Tab le  4.4 V ib ra tio n a l quan tu m  num ber expansion c o n s ta n ts  f o r  th e
energy expansion  o f  H 2 0 ,  H D O , D 2 0 ,  M u O H  and D 2 0  /  c m -1
C o n s ta n t h 2 o H D O
E /  cm  1
d 2 o M u O H M u 2 0
G 2.67 -9.73 0.90 -76.63 30.09
A i 4263.99 4208.54 3126.31 12184.00 12251.34
a 2 1770.37 1551.87 1295.88 3767.36 5079.63
A 3 4147.83 3055.51 2898.82 4252.90 12126.08
B n -36.86 -79.51 -21.10 -670.21 -286 .44
B 22 -22.85 -13.03 -12.36 -98 .87 -186.35
B 33 -4 0 .8 4 -42 .24 - 21.21 -65.77 -352.03
®12 -18.18 -20.14 -9.42 -134.74 -160.50
B 13 -162.53 -1.72 -84 .38 -25 .44 -1379.38
B 23 -12.82 -22.81 -6 .24 - 6 6 .0 0 -113.40
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The expansion  c o e ff ic ie n ts  fo r  the  is o to p o m e rs  H z O and D z O are in  good 
agreem ent w ith  those  ca lcu la ted  by C la b o  e t a l. [106 ]  and w ith  the  
e x p e r im e n ta lly  de te rm in e d  cons tan ts  re p o rte d  by  P liva  e t a l. [1201. U s ing  
th e  th e o re t ic a lly  de te rm ined  harm on ic  fre q u e n c ie s  ( to j)  and th e  expansion  
c o e ff ic ie n ts  o f  ( 4 . 3 )  the  f i r s t - o r d e r  c o rre c t io n  to  th e  v ib ra tio n a l 
w a ve fu n c tio n  was com puted  and th e  e x p e c ta tio n  va lues o f  the  
ro o t-m e a n -s q u a re  a m p litu d e s  and th e  bond  and ang le  d isp la ce m e n t 
co o rd in a te s  over the  z e ro -p o in t v ib ra tio n a l w a v e fu n c tio n  co rre c te d  to  
f ir s t - o r d e r  w ere  ca lcu la te d . The e xp e c ta tio n  va lues o f  these  p ro p e rtie s  fo r  
se lec ted  is o to p ic  va ria n ts  o f  the  w a te r m o le cu le  are g iven  in  T ab le  4.5.
T ab le  4.5 E xp e c ta tio n  values o f  in te rn a l d isp la ce m e n t co o rd in a te s  
< A R >  /  pm and < A 0 >  / °
M o le cu le < A R t > < a r 2 > < A 8 >
1 /2
< A R j >
vl / 2
< a r 2 >
vi / 2
< A S >
h 2 o 1.33 1.33 -0.031 6.51 6.51 8 .6 8
H D O 1.05 1.20 -0 .032 5.55 6.51 8.13
d 2 o 0.96 0.96 -0 .046 5.55 5.55 7.43
M u O H 2.81 1.58 0.113 11.07 6.51 12.73
M u20 3.85 3.85 0.008 11.07 11.07 14.71
The z e ro -p o in t energy o f  the  l ig h t  m uon ic  species M u 2 0  is ca. 190 % 
g re a te r than  the  co rrespond ing  energy o f  H 2 0  and the  o th e r  is o to p ic  
va rian ts . I t  co u ld  th e re fo re  be p re d ic te d  th a t  the  v ib ra tio n a l c o rre c tio n s  
to  the  m uon ic  iso to p o m e rs  w i l l  be la rg e r than  th e  co rre sp o n d in g  p ro t iu m  
o r  d e u te riu m  c o rre c tio n s . Th is  is  fo u n d  to  be th e  case fo r  the  
e xp e c ta tio n  va lues o f  the  in te rn a l d isp la ce m e n t co o rd in a te s  re p o rte d  in  
Tab le  4.5. The size o f  the  q u a n tit ie s  in  T ab le  4.5 g ives an e s tim a te  o f  the
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m agn itude  o f  the  ha rm on ic  and anha rm on ic  m o tio n  o f  the  is o to p ic  
va ria n ts . The average bond le n g th , O —X ,  o b ta in e d  by in c lu d in g  th e
v ib ra tio n a l co rre c tio n s  o f  Table 4.5 is  95.63, 95.26 and 98.15 pm fo r  X  =
H, D and M u in  H 2 0 ,  D 2 0  and M u z O, re sp e c tive ly . The average b o n d  
ang le  fo r  the  iso to p o m e rs  H 2 0 , H D O , D 2 0 , M u O H  and M u 20  is 105.94°, 
105.94°, 105.92°, 106.08° and 105.98°, re sp e c tive ly . The v ib ra t io n a lly
averaged in te rn a l coo rd ina tes  o f  the  w a te r  m o le cu le  are th e re fo re  R j = R 2 
= 95.63 pm  and 0 = 105.94° w h ich  are in  c lo s e r agreem ent w ith
e xp e rim e n t ( R t = R2 = 95.72 pm, & = 104.52° o b ta ine d  by B ened ic t e t a l. 
11213) than  the ab in i t io  re su lts . T ab le  4.5 show s th a t  fo r  the  p ro to n a te d  
and deu te ra ted  species the  mean bond le n g th  and ang le  is s h ifte d  by o n ly
1 % o r less, b u t  fo r  the  m uon ic  iso to p o m e rs  th is  increases to  a b o u t 4 %.
The ro o t-m e a n -sq u a re  a m p litudes  are how ever nea rly  7.5 % o f  th e ir  
e q u ilib r iu m  value fo r  H 2 0 , D O H  and D 2 0  and a b o u t 10 % fo r  M u O H  and 
M u 20 . These re s u lts  c le a rly  in d ica te  th a t v ib ra tio n a l c o rre c tio n s  to  the  
m uon ium  iso topom ers  are cons ide rab ly  la rg e r  than  the  co rre sp o n d in g  
p ro to n  o r deu te rium  co rre c tio n s .
V ib ra tio n a l co rre c tio n s  to  the z -co m p o n e n t o f  the  d ip o le  m om en t and 
the  e le c tr ic  f ie ld  g rad ien ts  a t the  oxygen nuc leus have a lso  been 
ca lcu la te d . For the  ca lcu la tio n  o f  the  e le c tr ic  f ie ld  g ra d ie n ts  the mass o f  
the  oxygen nucleus was taken to  be th a t o f  th e  170  is o to p e  
( 16.999131 u . ). The v ib ra tio n a l quan tu m  num ber expansions o f  the
z -co m p o n e n t o f the  d ip o le  m om en t and th e  zz -co m p o n e n t o f  the e le c tr ic  
f ie ld  g ra d ie n t are g iven in  Tables 4.6 and 4.7, re sp e c tive ly . The expansions 
ta ke  th e  same fo rm  as equa tion  (4.4)  and are de rived  fro m  the  ab in i t io  
p ro p e rty  surfaces using the  same m e th o d  as th a t  app lied  to  the  energy 
su rfaces.
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Tab le  4.6 V ib ra tio n a l quan tu m  num ber expansion  c o n s ta n ts  f o r  th e  
z -c o m p o n e n t o f  the  d ipo le  m om e n t /  D ebyesa
C o n s ta n t h 2 o H D O
[L z ( x  102 )
d 2 o M u O H M u20
G -0 .00768 -0.00228 -0 .00439 -0 .05438 -0 .05928
A l 2.74991 1.96859 2.21435 5.45344 7.10772
A 2 -3.21417 -2.78851 -2.27867 -5.87469 -9.48136
a3 0.99597 1.28567 0.54706 0.73579 3.53019
B n -0.01222 -0.02039 -0 .0 0 8 0 4 -0.17456 -0 .07954
B 22 -0.03781 -0.01701 -0 .02004 -0 .06748 -0.31423
B 3 3 -0.00721 -0.01189 -0 .00342 -0 .00097 -0 .06774
B 12 0.01940 0.02466 0.01209 0.33033 0.13215
B 1 3 -0 .04329 -0.00269 -0.02357 -0.05105 -0 .34940
B 2 3 0.04517 -0.01734 0.02256 -0 .03965 0.39841
a (1  Debye = 3.3356 x  10 30 C m ).
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T ab le  4.7 V ib ra tio n a l quan tu m  num ber expansion  c o n s ta n ts  fo r  the
1 7z z -co m p o n e n t o f  the e le c tr ic  f ie ld  g ra d ie n t a t th e  O 
nuc leus /  a.u.
C o n s ta n t h 2 o H D O
q z z  ( x
d 2 o
102 )
M u O H Mu20
G -0 .0 0 0 9 0 -0.01913 -0.00103 -0.10117 0.00228
A i 4.62713 4.55077 3.47748 13.11252 12.9S619
A 2 -1.20134 -1.04458 -0.85527 -1.66528 -3.52699
A 3 4.44231 3.29494 3.14607 3.47945 13.17505
B n -0.05157 -0.10261 -0.02785 -0.85822 -0.42327
B22 -0.01314 -0 .00700 -0 .00740 -0 .00544 -0.10411
B 3 3 -0.05176 -0 .05082 -0.02713 -0.07328 -0.43754
B 1 2 0.02685 0.03988 0.01574 0.31289 0.20030
B 1 3 -0 .20830 -0.00051 -0.11123 0.07230 -1.72984
B 2 3 0.02981 -0 .00700 0.01771 -0.09521 0.22448
The v ib ra tio n a l c o rre c tio n s  to  the  com ponen ts  o f  th e  170  quadrupo le  
co u p lin g  c o n s ta n t ( x )  o f  each iso to p o m e r have been c a lc u la te d  fro m  the 
com pu ted  e le c tr ic  f ie ld  g rad ien ts  using the re la tio n s h ip
X = (e 2 q 0 Q ) /  h (4 .5 )
w here  q 0 = q x x , qyy  o r  q zz and Q is the  quad ru p o le  m o m e n t o f  the  170  
nuc leus. The quad rup o le  m om en t o f  the  170  nuc leus was taken  to  be 
-0 .0265 x  10-28  m 2 [1223. Z e ro -p o in t v ib ra tio n a l c o rre c tio n s  to  se lected
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p ro p e rtie s  o f  the  w a te r m o lecu le  and its  iso to p o m e rs  are g iven in  T ab le  
4.8.
T ab le  4.8 Z e ro -p o in t v ib ra tio n a l c o rre c tio n s  to  p ro p e rtie s  o f  H 2 0 ,  H D O  
D 2 0 , M u O H  and M u 2 0
Z e ro -p o in t V ib ra tio n a l C o rre c t io n s 3
P ro p e rty Po h 2 o H D O d 2o M u O H M u 2 0
E /  a.u. - 76.023615 -0.0229(2) --0.0199(1) -0.0167(1) -0 .0447(6 ) -0.0648(1)
Vz /  D 2.14759 0.0024(1) 0.0021(1) 0.00231(9) 0.0010(4) 0 .0044(5 )
X z z  /  M H z -1.0678 -0.098(5) --0.086(5) -0.076(3) -0.17(1) -0.25(3)
X y y  /  M HZ -10.322 -0.14(5) -0.12(5) -0.10(3) -0.2(1) -0 .4 (2 )
Xzz /  M H z 11.3892 0.236(1) 0.204(1) 0.1739(7) 0.439(2) 0.655(5)
0.89254 -0.2053 -0.1875 -0.1558 -0 .2884 -0.3133
a The e rro r  l im its  in  parentheses are th re e  tim es  the  s tanda rd  d e v ia tio n s  
The asym m etry  param eter is d im e n s io n le ss .
The v ib ra tio n a l co rre c tio n s  to  the  zz -co m p o n e n t o f  the  qu a d ru p o le  
c o u p lin g  co n s ta n t have been decom posed in to  ha rm on ic  and anharm on ic  
c o n tr ib u tio n s  in  Tab le  4.9.
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T a b le  4.9 H a rm on ic  and anh a rm o n ic  c o rre c tio n s  to  the  zz -c o m p o n e n t 
o f  the  q u a d rup o le  c o u p lin g  c o n s ta n t
h 2 o H D O
* zz /  M H Z *
d 2 o M u O H M u 2 0
Po 11.3892 11.3892 11.3892 11.3892 11.3892
G -0.00005(2) -0.0012(1) -0 .00006(1) -0.0061(2) 0.00001(3)
H a rm o n ic 0.2403(6) 0.2077(5) 0.1762(4) 0.455(1) 0.690(1)
A n h a rm o n ic -0.0041(5) -0 .001(4) -0.0021(2) -0.009(1) -0 .035 (4 )
T o ta l 11.625(1) 11.594(1) 11.5632(7) 11.829(2) 12.04(5)
a The e rro r  lim its  in  paren theses are th ree  tim e s  the  s tanda rd  d e v ia tio n s .
F o r a ll the  is o to p ic  v a ria n ts  cons idered  th e  v ib ra tio n a l c o rre c tio n s  to
Xzz show  a ca n ce lla tio n  be tw een  the  ha rm on ic  and anha rm on ic  te rm s ,
w ith  the  harm on ic  te rm  p re d o m in a tin g . The h a rm o n ic  c o rre c tio n s  are
a b o u t 2 % o f  the  e q u ilib r iu m  va lue  o f  y zz f ° r  H 2 0 ,  D 20  and H D O  and
a round  5 % fo r  M uO H  and M u 20 .  The anharm on ic  c o rre c tio n s  are 0 .03 %,
0.01 %, 0.02 %, 0.08 % and 0.31 % fo r  H 2 0 , H D O , D 2 0 ,  M u O H  and M u 2 0 ,
re sp e c tive ly . S im ila r va lues are ob ta ined  on d e co m p o s itio n  o f  the
17y y -co m p o n e n t o f the  O n u c le a r quad rup o le  co u p lin g  c o n s ta n t in to  its  
h a rm on ic  and anharm on ic  com ponen ts . The x x -c o m p o n e n t how ever 
e x h ib its  cons iderab ly  la rg e r  v ib ra t io n a l c o rre c tio n s . The m agn itude  o f  the  
c o rre c tio n  increases fro m  7 % fo r  D 2 0  to  23 % fo r  M u 2 0 . T h is  is  a 
consequence o f the anharm on ic  te rm  re in fo rc in g  th e  ha rm on ic  c o rre c tio n . 
The v ib ra tio n a l c o rre c tio n s  to  th e  quad rup o le  co u p lin g  in  Tab le  4.8 
c le a r ly  show  th a t the  la rg e s t c o rre c tio n s  a rise  fro m  m u o n iu m  
s u b s t itu t io n .
The v ib ra tio n a l co rre c tio n s  to  the  z -co m p o n e n t o f  the  d ip o le  m o m e n t
( p z ) are p o s itive  fo r  a ll is o to p o m e rs  considered . The la rg e s t c o rre c tio n
-  114 -
o f  a round 0.2 % o c c u rs  fo r  the  s y m m e tr ic  species M u 2 0 .  The v ib ra tio n a l 
c o rre c tio n s  to  pz fo r  th e  a sym m e tric  iso to p o m e rs  are n o t d ire c t ly
com parab le  to  the  c o rre c tio n s  to  the  s y m m e tr ic  species. Th is  is  a
consequence o f  th e  d ip o le  m om en t p o in t in g  a long  th e  b is e c to r  o f  th e
b ond  angle ( 8 )  fo r  the  sym m e tric  species, w h ich  in  th is  ins tance  
co rrespond s  to  th e  z -a x is . T he re fo re  fo r  the  is o to p ic  va ria n ts  H 2 0 ,  D 2 0  
and M u 2 0  the  x  and z com ponen ts  o f  the  m o le c u la r d ip o le  m onen t are 
ze ro  and the  m o le c u la r d ip o le  m om en t co rrespond s  to  the  z -co m p o n e n t. 
F o r the  m uon ium  and d e u te riu m  s u b s t itu te d  a sym m e tr ic  species M u O H  
and H D O  the  m o le c u la r d ip o le  m om en t is  n o t d ire c te d  a lo n g  the z -a x is  
b u t  is the  v e c to r sum  o f  x and z -co m p o n e n ts . The s m a ll va lue o f  the  
v ib ra tio n a l c o rre c tio n  to  p z fo r  M u O H  re f le c ts  the  la rg e  dev ia tio n  fro m  
C 2v sym m etry  o f  th is  species.
The re s u lts  re p o rte d  in  Tables 4.8 and 4.9 are concerned w ith
v ib ra tio n a l c o rre c tio n s  to  the  g round  s ta te  o f  the  m o lecu le . The 
v ib ra tio n a l c o rre c tio n s  to  p ro p e rtie s  o f  H 2 0  in  se lec ted  lo w  ly in g  e xc ite d  
v ib ra tio n a l s ta te s  have been com pu ted  and th e  re s u lts  are c o lla te d  in  
Tab les  4.10 and 4.11.
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Table 4.10 V ibrational corrections to  p roperties  o f H z O in se lec ted
vibrational s ta tes
V ib ra tio n a l S ta te  E / Hz / < A R t > / < A $ >  / °
( V i  V 2 , v 3 ) cm  1 D M H z pm
( 0  0  0  ) -5020.24 0.0024 0.236 1.33 -0.031
( 1 0  0 ) -9120.16 0.0296 0.507 2.85 -0 .8 9 8
( 0 1 0 ) -6729.42 -0.0301 0.163 0.99 0.949
( 0 0 1 ) -8998.71 0.0123 0.496 2.80 -0 .206
( 1 1 0 ) -10811.15 -0.0027 0.435 2.51 0.082
( 1 0  1 ) -12936.10 0.0390 0.753 4.32 -1.073
( 0 1 1 ) -10695.07 -0.0198 0.424 2.47 0.774
( 1 1 1 ) -14614.27 0.0071 0.684 3.98 -0 .093
( 2  0  0  ) -13146.37 0.0565 0.771 4.36 -1.765
( 0  2  0 ) -8392.89 -0.0634 0.088 0.67 1.929
( 0  0  2  ) -12895.49 0.0219 0.749 4.28 -0.381
( 0 1 2 ) -14579.03 -0 .0097 0.679 3.95 0.599
( 0 2 1 ) -12345.73 -0.0527 0.351 2.14 1.754
( 1 0  2 ) -16670.35 0.0483 0.994 5.79 -1.248
( 1 2  0 ) -12456.44 -0 .0358 0.362 2.18 1.062
( 2 0 1 ) -16799.78 0.0654 1.006 5.83 -1.940
( 2 1 0 ) -14819.17 0.0243 0.701 4.03 -0 .785
( 3  0 0 ) -17098.85 0.0831 1.030 5.88 -2.632
( 0 3 0 ) -10010.67 -0.0975 0 .0 1 1 0.33 2.909
( 0  0 3 ) -16710.58 0.0315 0.996 5.75 -0 .556
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Table 4.11 Vibrational corrections to  properties of Mu OH in Selected
sta te s  of vibration
V ib ra tio n a l 
( v t v 2 v 3
S ta te  E /
) c m '1 D
Xzz f  
M H z
< A R t > /
pm
< a r 2 > /
p m
< A S > / °
( 0  0 0 ) -9760.24 0.001 0.439 2.81 1.58 0.113
( 1 0  0 ) -20523.72 0.053 1.148 11.31 1.73 -1.374
( 0 1 0 ) -13229.49 -0 .0 5 8 0.344 0 .08 1.98 1.903
( 0 0 1 ) -13835.89 0.008 0.643 2.67 4.18 0.368
( 1 1 0 ) -23858.22 -0.018 1.071 8.57 2.13 0.415
( 1 0  1 ) -24573.92 0.059 1.355 11.17 4.34 -1.451
( 0 1 1 ) -17239.13 -0.051 0.541 -0 .0 6 4.58 1.826
( 1 1 1 ) -27842.42 0 .004 1.273 8.43 4.74 0.339
( 2 0 0 ) -29946.78 0.102 1.751 19.81 1.89 -2.861
( 0  2 0 ) -16500.99 -0.1118 0.248 -2.66 2.38 3.692
( 0  0 2 ) -17780.00 0.0148 0.837 2.52 6.78 -0 .039
( 0 1 2 ) -21117.24 -0 .0 4 5 0.729 -0.21 7.19 1.750
( 0 2 1 ) -20444.63 -0.111 0.439 -2 .80 4.98 3.616
( 1 0  2 ) -28492.59 0.066 1.553 11.02 6.94 -1.527
( 1 2  0 ) -26994.98 -0 .0 5 8 0.994 5.84 2.53 2.20
( 2 0 1 ) -33971.53 0.108 1.963 19.67 4.49 -2 .938
( 2 1 0 ) -33146.53 0.050 1.693 17.08 2.29 -1.072
( 3  0 0 ) -38029.40 0.148 2.249 28.31 2.05 -4 .349
( 0  3 0 ) -19574.76 -0.179 0.151 -5.39 2.78 5.482
( 0 0 3 ) -21592.59 0.022 1.022 2.38 9.39 -0.116
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The re s u lts  in  these  Tab les show  th a t th e  m a g n itu d e s  o f  the  
v ib ra tio n a l c o rre c tio n s  are la rg e r fo r  the h ighe r v ib ra t io n a l s ta tes . The 
la rg e s t co rre c tio n s  g e n e ra lly  o ccu r fo r  uncoup led  e x c ita t io n s  [e g . ( 3 0 0  
) ]. The sign o f  each c o rre c tio n  can be c o rre la te d  w ith  th e  change in  
geom e try  o f  the m o le cu le . Thus fo r  H 20  when the  s tre tc h in g  m odes , 
such as ( 3 0 0 ), are e xc ite d , A R j, A R 2 and A $  change so as to  increase 
p2 . Th is  can be com pared  w ith  an e x c ita tio n  o f  a bend in g  m ode, such as 
( 0  3 0 ) ,  where the  b ond  ang le  increases, w h ich  re s u lts  in  a negative 
d ip o le  m om ent c o rre c tio n . The co lum ns l is t in g  th e  c o rre c tio n s  to  the 
average bond le n g th  in  Tab les 4.10 and 4.11 show  th e  d iffe re n c e  th a t 
arises on the fo rm a tio n  o f  an asym m etric  species. F o r H 2 0  o n ly  the  
c o rre c tio n s  < A R j >  are l is te d  because the  values fo r  < A R 2 > are id e n tica l, 
w hereas fo r  M u O H  th e  c o rre c tio n s  to  the average O - M u  and O - H  bond  
le n g th s  are s ig n if ic a n t ly  d if fe re n t  and are th e re fo re  b o th  lis te d . Th is  
d iffe re n ce  m u s t arise  fro m  the  va ria tio n  in  the  v ib ra tio n a l energy o f  the  
d if fe re n t  iso topom ers .
In  Table 4.9 b o th  th e  ha rm on ic  and anharm on ic  te rm s  are iso tope
dependent. W ith in  th e  B o rn -O ppenhe im er a p p ro x im a tio n  a l l  the
iso topom ers  have the  same e q u ilib r iu m  bond le n g th s  and b o n d  ang le . The
ca lcu la ted  iso tope  e ffe c ts  on the  v ib ra tio n a l c o rre c tio n s  m u s t th e re fo re  
a rise  fro m  the  d if fe re n t  nuc le i sam p ling  d if fe re n t reg ions  o f  the  p ro p e rty  
su rface . Figures 4.2, 4.3 and 4.4 show  the  va ria tio n  o f  th e  ene rgy , the  
z -co m p o n e n t o f the  d ip o le  m om en t and the zz -co m p o n e n t o f  the  e le c tr ic  
f ie ld  g rad ien t a t the  oxygen nucleus o f  the  w a te r m o le cu le  w ith  in te rn a l 
coo rd ina tes  R t and $, re sp e c tive ly . The fig u re s  c le a r ly  sh o w  th a t fo r
d isp lacem en ts e qu iva le n t to  those  re p o rte d  in  Tab le  4.5 th e  re g io n  o f  the  
su rface  sam pled by each is o to p o m e r w i l l  be m a rked ly  d if fe re n t.  The la rge
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F igure  4.2 V a ria tio n  o f  the  energy o f  the  w a te r  m o lecu le  
w ith  in te rn a l coo rd ina tes  R j and
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F igure  4.3 V a ria tio n  o f  th e  z -c o m p o n e n t o f  the  d ip o le  
m om en t o f  th e  w a te r m o le cu le  w ith  in te rn a l 
coo rd ina tes  R j and
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F igure  4.4 V a r ia tio n  o f the  zz -co m p o n e n t o f  th e  e le c tr ic  f ie ld
g ra d ie n t a t the oxygen nucleus o f  the  w a te r  m o lecu le  
w ith  in te rn a l d isp lacem en t co o rd in a te s  and §.
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v ib ra tio n a l c o rre c tio n s  to  the m uon ium  s u b s t itu te d  species M u  O H  and 
M u 2 0  can be a t t r ib u te d  to  the  la rg e r v ib ra tio n a l m o tio n  o f  the  m uon. 
The deu te rium  and p ro t iu m  iso to p e s  experience  a s m a lle r  v ib ra tio n a l 
e f fe c t  due to  th e ir  lo w e r v ib ra tio n a l energies. The is o to p e  s h if ts  in  the  
p ro p e rtie s  o f  the  w a te r m o lecu le  in  the  g ro u n d  v ib ra t io n a l s ta te  are 
c o lla te d  in  Tab le  4.12.
Table 4.12 Iso to p e  s h if ts  o f  se lec ted  p ro p e rtie s  o f  th e  w a te r  m o le cu le  
in  th e  g ro u n d  v ib ra tio n a l s ta te
P rope rty < P ( H 2 0 ) > -
< P ( D 2 0 ) >
< P ( H 2 0 ) > -  
< P ( H D O )  >
< P ( H 2 0 ) > -  
< P(  M u O H )  >
< P ( H 2 0 ) > -
< P ( M u 2 0 ) >
E /a .u . -0 .0 0 6 -0 .0 0 3 0.0218 0.0419
p z / D 0.00009 0.0003 0.0014 -0 .002
X x x / M H z -0 .022 -0.012 0.072 0.152
X y y  /  MHZ -0 .0 4 -0 .0 2 0.06 0.255
Xzz /  M H Z 0.062 0.032 -0 .203 -0.419
In  a ll cases, o th e r  than  the  z -co m p o n e n t o f  th e  d ip o le  m om en t, the  
iso tope  s h if t  o ccu rin g  on m uon ium  s u b s t itu t io n  is  in  th e  o p p o s ite  
d ire c tio n  to  the  iso to p e  s h if t  re s u lt in g  fro m  d e u te r iu m  s u b s t itu t io n . As 
w as s ta ted  e a rlie r the  la rg e s t iso to p e  s h if ts  are fo u n d  to  be those  
co rrespond ing  to  the  is o to p ic  va rian ts  M u O H  and M u 2 0 .  These re s u lts  
assume the  iso to p o m e r to  be in  the  g round  v ib ra tio n a l s ta te  ( 0  0 0 ) .  
Tab les 4.10 and 4.11 l is t  the  c o rre c tio n s  to  p ro p e rtie s  in  h ig h e r v ib ra tio n a l 
s ta tes . In  the  h ig h e r s ta te s  the  iso to p o e  s h if ts  can be co n s id e ra b ly  la rg e r  
than  those re p o rte d  in  Table 4.12. F o r exam p le  th e  is o to p e  s h if t  on
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m uon ium  s u b s t itu t io n  to  the  z -c o m p o n e n t o f  the  d ip o le  m o m e n t o f  an 
is o to p o m e r in  the  v ib ra tio n a l s ta te  ( 0 0 3 ) is 0.0095 w h ic h  is  a lm o s t a 
700 % increase on the  g ro u n d  s ta te  is o to p e  s h if t .  S im ila r ly  th e  is o to p e  
s h if t ,  on m uon ium  s u b s t itu t io n , to  the  z z -c o m p o n e n t o f  th e  q u a d ru p o le  
c o u p lin g  o f  an is o to p o m e r in  the  v ib ra tio n a l s ta te  ( 3  0 0 )  increases to
1.219 w h ich  is abou t a 600 % increase on the  g ro u n d  s ta te  va lue . These 
la rg e  increases in  the iso to p e  s h if ts  can be a t tr ib u te d  to  th e  increased  
va lue  o f  the  ro o t-m e a n -s q u a re  d isp la ce m e n ts  in  th e  h ig h e r v ib ra t io n a l 
s ta te s . The la rg e r d isp lacem en ts  re s u lt  in  th e  m u o n iu m  is o to p o m e rs  
sa m p lin g  a la rg e r reg ion  o f  th e  su rface  w h ich  th e re fo re  re s u lts  in  the  
increased iso to p e  s h if ts  observed.
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4.2.3 Comparisons with Experim ent
The g re a te s t l im ita t io n  on th e  accuracy o f  the  re s u lts  p re se n te d  in  the  
p rev ious  sec tion  is the  H a rtre e -F o c k  a p p ro x im a tio n . The th e o re t ic a l 
ha rm o n ic  and cub ic fo rce  c o n s ta n ts  o f  H 2 0  and D 2 0  g iven in  T a b le  4.4 
d i f fe r  fro m  e xpe rim en t C120] by up to  20 %. E rro rs  o f  a s im ila r  
m agn itude  are expected to  o ccu r in  the  fo rc e  co n s ta n ts  o f  th e  o th e r  
iso to p o m e rs  considered. These e rro rs  are la rg e ly  a t t r ib u ta b le  to  
c o rre la t io n  e ffe c ts  in  genera l and im p ro p e r d isso c ia tio n  be h a v io u r in  
p a r t ic u la r . A  m ore co m p le te  s tu d y  o f  v ib ra tio n a l c o rre c tio n s  w o u ld  
th e re fo re  inc lude  c o rre la t io n  e ffe c ts . The w o rk  o f  Rosenberg e t a l. [1 0 9 ] 
how eve r has shown th a t th e  in c lu s io n  o f  c o rre la t io n  e ffe c ts  does n o t 
s ig n if ic a n t ly  a lte r  the  tre n d s  observed in  the  ca lcu la te d  iso to p e  s h if ts  o f  
th e  v ib ra tio n a l co rre c tio n s  a t the  SCF leve l.
C ox e t al. [7 , 11] have re c e n tly  id e n tif ie d  the  d iam agne tic  f ra c t io n
fo rm e d  on muon im p la n ta tio n  in  170  doped ice us ing the  te ch n iq u e  o f  
avo ided leve l cross ing  resonance pSR. The d iam agne tic  s ta te  observed  is 
p roposed  to  be th a t o f  M u O H . Th is  species was de tec ted  by  m a tch in g  
th e  m uon ’s Zeeman energy leve ls w ith  the  170  quad rup o le  energy le ve ls  in  
a lo n g itu d in a lly  applied m agne tic  f ie ld  and obse rv ing  the  re d u c tio n  in  the  
m uon  sp in  p o la riza tio n  th a t occurs  when th is  c o n d itio n  is achieved. Hence 
i t  is  poss ib le  to  derive fro m  th is  exp e rim e n t the value o f  the  170
quad rup o le  coup ling  c o n s ta n t o f  M u O H . The va lue o f  the  c o u p lin g  was 
fo u n d  to  be 6.1 M H z ( t] = 1) a t 200 K. Th is  can be com pared  w ith  the  
co rrespond ing  values in  n o rm a l ice a t 77 K  o f  6.1 M H Z  (7] = 0 .93) [1 2 3 ] 
and in  D 2 0  ice, a t a b o u t 260 K, o f  6.66 M H z (7] = 0 .94) [1 2 4 ]. The 
observed experim en ta l iso to p e  s h if ts  in  the  170  q u a d rup o le  c o u p lin g  
c o n s ta n t on m uonium  and d e u te riu m  s u b s t itu t io n  are th e re fo re  ca. 5 %
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and 4 % o f the  H 2 0  value, respective ly .
The m agn itude  o f  the  quad rupo le  co u p lin g  o f  each o f  th e  ice is o to p ic  
va ria n ts  is co n s id e ra b ly  less than  the  th e o re tic a l va lues lis te d  in  T ab le  
4.8 ca lcu la te d  us ing  ab in i t io  m o le cu la r o rb ita l th e o ry . T h is  is  a 
consequence o f  th e  ab in i t io  values assum ing th a t th e  H 2 0  m o le cu le  can 
be tre a te d  as an is o la te d  species and th e re fo re  th e  re s u lts  n e g le c t the  
e ffe c ts  o f  in te rm o le c u la r  in te ra c tio n s . The ab in i t io  va lues are in  c lo s e r 
agreem ent to  the  170  quad rupo le  co u p lin g  m easured in  th e  vapou r phase. 
The value o f  the  170  quad rupo le  co u p lin g  c o n s ta n t o f  H D O  in  th e  gas 
phase is re p o rte d  to  be 10.17 M H z (7] = 0.75) [125 1. The v ib ra t io n a lly  
averaged th e o re tic a l va lue  o f th is  p ro p e rty  ob ta ine d  fro m  T ab le  4.8 is
11.59 M H z (71 = 0 .70)- Several expe rim en ta l s tu d ie s  C125, 126, 127, 128, 129 3 
have es tab lished  th a t  the  re d u c tio n  in the  170  q u a d ru p o le  co u p lin g  
co n s ta n t on go ing  fro m  the vapour to  the  s o lid  phase is  the  re s u lt  o f  
th e  increased im p o rta n ce  o f  in te rm o le c u la r in te ra c tio n s  in  th e  s o lid  s ta te . 
These in te ra c tio n s  can reduce the  170  quad rup o le  c o u p lin g  by as m uch as 
40 % re la tive  to  th e  vapou r phase. C um m ins e t a l. [1303 have s tu d ie d  the 
o r ig in s  o f  th is  re d u c tio n  and conclude  th a t the  p r in c ip a l c o n tr ib u t io n  to  
the  s h if t  in  the  170  quadrupo le  co u p lin g  is  an e le c tro n ic  e ffe c t. The 
v ib ra tio n a l iso to p e  s h if ts  occuring  in the  p ro p e rtie s  o f  H 2 0  and its  
is o to p ic  va rian ts  in  th e  so lid  and gaseous s ta te s  sh o u ld  how ever have the  
same o rig in .
The iso tope  s h if t  in  the  170  quadrupo le  c o u p lin g  c o n s ta n t re s u lt in g  
fro m  m uon ium  s u b s t itu t io n  is in  the  o p p o s ite  d ire c tio n  re la tiv e  to  the  
co rrespond ing  d e u te r iu m  s h if t  in  b o th  the  e x p e rim e n ta l and th e o re tic a l 
re s u lts . The e xp e rim e n ta l observa tions sugges t th a t  m u o n iu m  s u b s t itu t io n  
re s u lts  in  a lo w e rin g  in  the m agn itude  o f  th e  c o u p lin g , whereas the  
th e o re tic a l iso to p e  s h if ts  given in  Tab le  4.12 p re d ic t s h if ts  in  the  o p p o s ite
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d ire c t io n  fo r  these  iso topom ers . T h is  d iffe re n c e  c o u ld  arise  fro m  the  
th e o re tic a l re s u lts  n eg lec tin g  the  e ffe c ts  o f  in te rm o le c u la r  in te ra c tio n s  
and assum ing  the  m o le cu le  to  be in  i ts  g round  ro ta t io n a l and v ib ra tio n a l 
s ta te . The m agn itude s  o f  the e x p e r im e n ta lly  and th e o re t ic a lly  de te rm in e d  
is o to p e  s h if ts  in  the  17 O qu a d ru p o la r c o u p lin g  c o n s ta n t are how ever o f  a 
s im ila r  m agn itude . The e x p e rim e n ta lly  observed iso to p e  s h if ts  can be 
u n d e rs to o d  in  te rm s  o f  v ib ra tio n a l e ffe c ts  ana logous to  those  re s u lt in g  in 
the  th e o re t ic a lly  ca lcu la ted  iso to p e  s h if ts .  T h e re fo re  the  la rg e s t 
v ib ra tio n a l c o rre c tio n s  are expected to  o ccu r f o r  the  d iam agne tic  M u O H  
and M u 2 0  s ta te s  due to  th e ir  h ig h e r z e ro -p o in t  v ib ra tio n a l energies 
w h ich  re s u lt  in  these species sam p ling  a la rg e r re g io n  o f  the  e le c tr ic  
f ie ld  g ra d ie n t su rface  than th e ir  co rre sp o n d in g  p ro t iu m  o r  d e u te riu m  
iso to p o m e rs .
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C H APTER
5. V ib ra tio n a lly  Averaged (3— H y p e rfin e  C o u p lin g  C o n s ta n ts  fo r  the  
M uon ium  S u b s titu te d  E th y l R ad ica l
5.1 Prelude
E xp e rim e n ta l s tud ies  o f  the  m u o n iu m  s u b s titu te d  e th y l ra d ic a l us ing  
the  m ethods o f  transve rse  f ie ld  m uon  sp in  ro ta t io n  and le v e l-c ro s s in g  
resonance spec troscopy  have show n  th a t  the  (3-hyperfine  c o u p lin g  is 
s tro n g ly  iso tope  dependent [ 43 ,  671. The iso to p e  e f fe c t  is a consequence 
o f  the  sp in  dens ity  on the  (3-muon be ing  la rg e r than  th a t  on the  
e q u iva le n t (3-proton fo r  any g iven  c o n fo rm a tio n  o f  the  ra d ic a l. T h is  
is o to p e  e f fe c t  is o fte n  re fe rre d  to  as a res idua l iso to p e  e f fe c t .  In  th is
ch a p te r v ib ra tio n a l c o rre c tio n s  to  th e  sp in  d e n s ity  o f  (3-nucle i and
se lec ted  m o le cu la r p ro p e rtie s  o f  the  e th y l ra d ica l are ca lc u la te d . These 
c o rre c tio n s  shou ld  a ss is t in  th e  e lu c id a tio n  o f  the  is o to p e  dependen t 
b a rr ie r  to  in te rn a l ro ta t io n  o f  th e  ra d ica l [ 65 1.
A  com p le te  s o lu tio n  o f  the  v ib ra tio n a l p ro b le m  o f  the  e th y l ra d ic a l is 
h indered  by the la rge  num ber o f  n o rm a l modes o f  v ib ra tio n  w h ic h  m u s t 
be considered. V ib ra tio n a l averag ing  over a ll p o ss ib le  n o rm a l modes 
w o u ld  be an e x tre m e ly  co m p le x  and c o m p u ta tio n a lly  expensive  p ro b le m . 
A  s tu d y  o f  the  v ib ra tio n a l c o rre c tio n s  to  the  (3-hyperfine  c o u p lin g  o f  the  
e th y l rad ica l by C la x to n  e t a l. [ 7 5 ]  l im ite d  its  approach  to  averag ing
o ve r se lected  norm a l m odes sepa ra te ly . C hipm an [ 7 6 1  has a lso  ca lc u la te d  
v ib ra tio n a l co rre c tio n s  to  th e  h y p e rfin e  co u p lin g s  by  a sy s te m a tic  
e xa m ina tion  o f  the  dependence o f  th e  co u p lin g s  on  the  o u t-o f -p la n e
bend ing  a t the m e thy len ic  ca rbon, on th e  to rs io n a l m o tio n  a round  the  
c e n tra l C -C  bond and the  co u p lin g  be tw een  them . A  s im ila r  b u t  m ore
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complete approach has been utilised to  com pute the vibrational 
corrections presented here. As for the w ater molecule, the vibrational 
corrections were com puted using the  com puter program SURVIB C1043 
and all necessary ab initio  calculations were perform ed using the 
GAMESS [1133 molecular orbital package on the University of Glasgow 
MicroVax 3600.
S.2. Computational Procedure
An unrestricted geom etry optimization o f the ethyl radical was 
performed a t the UHF-SCF level using the  sp lit valence 6-31G* basis set 
[1153. The criteria fo r the convergence of the  SCF energy cycles and the 
gradient of the energy are identical to  those defined in chapter 4. The 
converged equilibrium geom etry of the  ethyl radical determined from this 
calculation is displayed in Figure S.l.
Bond Lengths /  pm Cj~C 2  149.81, 109.07, C 2 ~ H ^ 5 j 107.52,
c i“ H6(7) 108.55
2
Bond Angles /  °  H3-C t-C 2 111.75, H 6-C i-C 2 111.32, H s -C 2-C i 120.39,
H4-C 2-C s 117.25, H 3-C r H 6 107.13, H 7-C r H6 107.95 
Dihedral Angles /  °  H3-C 1-C 2-H 4 81.83, H 7-C r C2-H 4 37.92
Figure S.l Optimized geom etry of the ethyl radical.
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The ca lcu la te d  e q u ilib r iu m  geom e try  is in  good  accord  w ith  ab in i t io  
s tud ies  o f the  e th y l rad ica l p e rfo rm e d  by C la x to n  and G raham  C131 ]; 
Pacansky and D upu is  [ 132 ] and W e b s te r and M acrae C133 ]. The to ta l  
energy co rrespond ing  to  th is  g e o m e try  and i ts  n u c le a r and e le c tro n ic  
com ponen ts  are g iven  be low .
ETotal= -78.59715 Eh 
Eel = -115.58365 Eh 
Enuc = 36.98650 E h
The sp in  d e n s ity  ( p s ) a t each o f  the  n u c le i in  th e  ra d ica l and the  
co rrespond ing  is o tro p ic  hype rfine  co u p lin g  co n s ta n ts  ( A ) ,  c a lcu la te d  us ing  
th e  m ethod  described  in  C hap te r 3, a t th is  c o n fo rm a tio n  are lis te d  in  
Tab le  5.1
T ab le  5.1 N uc lea r s p in  dens itie s  (a .u .)  and is o tro p ic  h y p e rf in e  co u p lin g  
co n s ta n ts  /  A  (M H z )  o f  the  e th y l ra d ic a l
Ps A Aexpa
Cl -0.05347 -60.10 -38.10
C2 0.22403 251.08 110.0
H3 0.03022 135.08 75.4
h 4 -0.02879 -128.68 -62.8
H s -0.02879 -128.68 -62.8
h 6 0.00847 37.86 75.4
h 7 0.00847 37.86 75.4
a Ref. [45, 1343.
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E xp e rim e n ta l values o f  th e  p ro to n  and 13 C h yp e rfin e  c o u p lin g  c o n s ta n ts  
are given in Table S.l to  enab le  com parison . In  a ll cases th e  ab in i t io  
co u p lin g s  appear to  show  la rg e  dev ia tion s  fro m  e xp e rim e n t. The p ro to n  
(3-hyperfine co u p lin g  is how eve r in  good agreem ent w ith  the  e x p e r im e n ta l 
va lue  o f  75.4 M H z. T h is  is  a consequence o f  th e  e x p e r im e n ta l c o u p lin g  
be ing  re p o rte d  as the  average c o u p lin g  o f  the 3 -n u c le i. T h e re fo re , the  
e xp e rim e n ta l value o f  the  c o u p lin g  is g iven by the  equa tio n
A p = 1^  A p (5.1)
3
w here  A p is the sum o f  the  (3-hyperfine p ro to n  c o u p lin g  c o n s ta n ts . The 
co rrespond ing  th e o re tic a l va lue o f  A p  ob ta ined  fro m  th e  c o u p lin g s  in  
T ab le  5.1 is 70.27 M H z. The 6-31G* basis is th e re fo re  con s id e re d  to  
p ro v id e  an adequate d e s c r ip tio n  o f  the  sp in  d e n s ity  lo c a te d  on  the
(3-nuclei o f  the rad ica l. The p o o r agreem ent be tw een the  e x p e r im e n ta l and 
ab in i t io  coup lings  o f  the  re m a in in g  nuc le i ind ica tes  th a t  th e  bas is  is 
inadequate  fo r  an accura te  d e s c r ip tio n  o f  the  sp in d e n s ity  a t these  nuc le i. 
Im proved  values o f  the  sp in  dens ity , a t a ll nuc le i, can be o b ta in e d  
th ro u g h  the in c lu s io n  o f  c o rre la t io n  and v ib ra tio n a l e ffe c ts  as show n  by 
C hipm an [ 7 6 1 and C arm ichae l [ 681 .  In  the  ca lc u la tio n s  p e rfo rm e d  here 
c o rre la t io n  e ffe c ts  have been neg lec ted  as the  w o rk  o f  C a rm ichae l has 
show n th a t c o rre la tio n  e ffe c ts  are a lm o s t c o n s ta n t ove r the  re g io n  o f  the  
energy hypersurface w h ich  in flu e n ce s  the z e ro -p o in t v ib ra t io n a l
co rre c tio n s .
The is o to p ic a lly  s u b s titu te d  e th y l rad ica l, as show n  in  F ig u re  5.2, has 
the  C - X  bond ec lips ing  the  s in g ly  occup ied n o tio n a l 2 p z o rb ita l ce n tre d  
on the  m e thy len ic  carbon. The v ib ra tio n a l m o tio n  o f  nuc leus  X  can be
described  in te rm s o f  the  v a ria tio n  o f  the  in te rn a l co o rd in a te s  R, and
-  1 3 0  -
& 2 i l lu s tra te d  in  F igure 5.2; w here  R is the  C - X  bond  le n g th , is the  
X C C  bond angle and $ 2 i s the  X C C H a to rs io n  angle.
c
H
$ 2  = 81.83°
$1  = 111.75°
Re = 109.07 pm
Figure 5.2 In te rn a l co o rd in a te s  R, $ lf and $ 2 o f  the  is o to p ic a lly  
s u b s titu te d  e th y l rad ica l ( X  = M u, H, o r D ).
The e q u ilib r iu m  g eom e try  o f  the  p ro tiu m  and m uon ium  s u b s titu te d  
ra d ica ls  is th a t o f  F igure  5.2; how ever, the  e q u ilib r iu m  c o n fo rm a tio n  o f  
th e  deu te rium  s u b s titu te d  ra d ica l has D in  the  noda l p lane o f  the  2pz 
o rb ita l.  The p rin c ip a l concern  o f  th is  chap te r is the  d e te rm in a tio n  o f  the  
v ib ra tio n a l co rre c tio n s  to  the  3-h y p e rfin e  co u p lin g  c o n s ta n t o f  the  
m uon ium  s u b s titu te d  e th y l rad ica l, the  deu te ra ted  and p ro to n a te d  rad ica ls  
( X = D ,  H ) have also been cons idered  to  show  the  iso to p e  e f fe c t  on the 
com pu ted  hype rfine  co u p lin g s . For X = M u  the  mass d iffe re n ce  be tw een 
th e  iso tope  and the  rem a in ing  p ro to n s  e ffe c tiv e ly  decoup les the 
v ib ra tio n a l m o tio n  o f the  C - M u  g roup  fro m  the  re s t o f  the  ra d ica l. Th is 
d e co u p lin g  is re fle c te d  in  the  ab in i t ia l ly  ca lcu la te d  ha rm on ic  v ib ra tio n a l 
frequenc ies  tabu la te d  in T ab le  5.2 fo r  the  C H 2 M u C H 2 and C D 2M u C H 2 
iso to p o m e rs  o f  the  e th y l rad ica l.
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T ab le  5.2 C a lcu la te d  ha rm on ic  v ib ra tio n a l frequenc ie s  o f  th e  m uon in  
C H 2M u C H 2 and C D 2 M u C D 2 /  c m " 1
Frequency /  cm 1
V ib ra tio n a l m o d e a C H 2M u C H 2 C D 2 M u C D 2
<*>l 9075.03 9074.54
o)2 3754.82 3727.54
0 3 3693.94 3610.39
a The su b sc rip ts  1, 2 and 3 re fe r to  the  C - M u  s tre tc h  ( w ^ ,  the
M uC C  ang le  bend ( to2 ) and the M u C C H a to rs io n a l bend (o>3 ).
C om parison  o f  these frequencies ind ica tes  th a t the  C - M u  s tre tc h  is 
c o m p le te ly  decoup led  fro m  the  re s t o f  the  ra d ica l. The s m a ll change, on 
is o to p ic  s u b s t itu t io n , to  th e  harm on ic  frequenc ies  co rre sp o n d in g  to  the  
bend ing  and to rs io n  m odes ind ica tes th a t these m odes experience a sm a ll 
degree o f  co u p lin g  w ith  the  o th e r v ib ra tio n a l m odes o f  the  rad ica l. 
S im ila r  c a lcu la tio n s  p e rfo rm e d  on the  d e u te r iu m  s u b s t itu te d  rad ica l, 
C H 2D C H 2, show  th a t  th e  C - D  s tre tc h  is c o m p le te ly  decoup led  and the  
ang le  bending and to rs io n  modes experience a degree o f  c o u p lin g  w ith  
th e  re s t o f  th e  ra d ica l. The size o f  the co u p lin g  o f  the  bend ing  and 
to rs io n  modes o f  th e  C - D  group  is som ew hat la rg e r than  th a t o f  C - M u ,  
how ever the  re s u lts  in d ica te  fo r  X  = M u o r D the  v ib ra tio n a l m o tio n  o f  
the  C - X  g roup  is e ffe c tiv e ly  decoup led fro m  the  rem a in ing  v ib ra tio n a l 
modes o f  the  ra d ica l. T h is  re s u lt is su p p o rte d  by s im ila r  obse rva tion s  
made by C la x to n  e t a l. [ 7 5 ] ,  W ebste r and M acrae C133 ] and Pacansky 
and D upuis [ 135 ]. V ib ra tio n a l averaging fo r  X  = M u  o r D can th e re fo re  
be acheived us ing  o n ly  th ree  o f  the  n o rm a l m odes o f  v ib ra tio n  o f  the  
rad ica l. The th re e  n o rm a l modes can be described  as the  C - X  bond
-  1 3 2  -
s tre tc h in g  m ode ( c ^ ) ,  the  XC C  angle bend ing  m ode (<a2 ) anc* the  X C C H a 
to rs io n a l ro ta t io n  m ode ( 0)3 ). These n o rm a l m odes can be expressed in  
te rm s  o f  th e  in te rn a l coo rd ina te s  R, and 0 2 . A lth o u g h  the  p ro to n a te d  
( X  = H )  fo rm  o f  th e  rad ica l can n o t be tre a te d  by s im p ly  cons ide ring
these m odes, th e  re s u lts  ob ta ined fo r  C 2 H 5 are g iven  fo r  com parison
w ith  the  m u o n iu m  and deu te rium  c a lc u la tio n s . W hen X  = H , c o u p lin g  w ith  
the  rem a in ing  n o rm a l modes m u s t be cons ide red , u n lik e  the  s itu a tio n  
w here  the C - X  n o rm a l modes are decoup led  by  m u o n iu m  o r deu te rium  
s u b s titu t io n .
C a lc u la tio n  o f  th e  v ib ra tio n a l c o rre c tio n s  to  th e  (3 -hyperfine  co u p lin g  
c o n s ta n t o f  nuc leus  X  requ ires  energy and sp in  d e n s ity  su rfaces  w h ich  
describe  the  v ib ra tio n a l m o tio n  o f  th is  n u c le i. A s  a consequence o f  the 
decoup ling  o f  th e  v ib ra tio n a l modes o f  th e  C - X  g ro u p  fro m  the  re s t o f  
the  rad ica l, these su rfaces were b u i l t  up by  va ry ing  the  th re e  in te rn a l
coo rd ina te s  R, and $ 2 fro m  th e ir  e q u ilib r iu m  va lues Re ( 109.07 pm) ,  
0 je ( 111.75°) and $ 2 ( 81 . 83° )  over the  ranges + 8  pm , + 10° and ± 1 0 ° , 
respec tive ly . The ca lc u la te d  surfaces are com posed  o f  252 p o in ts  abou t 
the  s ta tio n a ry  p o in t  geom etry  o f  th e  ra d ica l. A l l  c a lc u la tio n s  were 
p e rfo rm e d  a t th e  6-31G*, U H F-SC F leve l us ing  th e  GAM ESS [113] ab
in i t io  p rog ram . The co m p u te r p rog ram  S U R VIB  [1 0 4 ] was used to  
p e rfo rm  a le a s t-sq u a re s  f i t  to  the  ab in i t io  su rfaces  and to  com pute  
v ib ra tio n a l c o rre c tio n s  to  the  energy and th e  3~ h yp e rfin e  co u p lin g  
co n s ta n t.
V ib ra tio n a l c o rre c tio n s  to  the (3-hyperfine  c o u p lin g  co n s ta n ts  o f  the 
e th y l ra d ica l and its  iso topom ers  re p o rte d  by  C la x to n  e t a l. [ 75 ]  w ere  
ca lcu la te d  by averag ing  over each o f  the  th re e  n o rm a l m odes G)lt <j2 and 
o) 3 describ ing  the  v ib ra tio n a l m o tio n  o f  the  C - X  g ro u p  separa te ly . M ore  
re c e n tly  C h ipm an [  76 ]  has com pu ted  v ib ra t io n a l c o rre c tio n s  to  the
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(3-hyperfine  co u p lin g s  by co n s id e rin g  th e  e ffe c ts  o f  o u t-o f -p la n e  b end in g  
a t th e  m e th y le n ic  ca rbon and o f  to rs io n  m o tio n  a b o u t the  ca rb o n -c a rb o n  
bond. The v ib ra tio n a l c o rre c tio n s  c a lc u la te d  here are co m p u te d  us in g  
co m p le te  v ib ra tio n a l averaging o ve r th e  th re e  n o rm a l m odes g)1? g) 2 and 
6)3 and th e re fo re  in c lu d e  the  e ffe c ts  o f  c o u p lin g  be tw een  the  n o rm a l 
m odes.
5.3 R esu lts  and D iscuss ion
The com pu ted  ab in i t io  energy and sp in  d e n s ity  su rfaces w ere  f i t t e d  to  
a fo u r th -o rd e r  in te rn a l co o rd in a te  expans ion . As fo r  the  s tu d y  o f  the  
w a te r  m o lecu le  in  chap te r 4 th e  fo u r th -o rd e r  te rm s  are unnecessary fo r  
th e  p e rtu rb a tio n  tre a tm e n t used to  c a lc u la te  the  v ib ra tio n a l c o rre c tio n s  
b u t  are inc luded  to  m in im ize  th e  e rro rs  in  the th ird -o rd e r  te rm s . The 
in te rn a l-c o o rd in a te  fu n c tio n s  o b ta in e d  fro m  the  f i t t in g  p rocedu re  c o n s is t 
o f  a S im m o n s -P a rr-F in la n  [117] expans io n  in  te rm s  o f  the  bond  le n g th  
and a T a y lo r series expansion in  te rm s  o f  the bond ang le  and to rs io n  
ang le . The com pu ted  p ro p e rty  fu n c t io n  can be expressed in  the  fo rm
3  3  3
P = P 0 + S  K i S i  + 1 / 2  S  K i j S i S :  + 2  K j , k S j S j S k  (5 .2 )
i = l  i , j  =  l  i , j , k = l
SP1
w here  S j, S2 and S 3 are assoc ia ted  w ith  the bond d isp la ce m e n t A R  = 
( R - R e ) / R  and ang le  d isp lacem en ts  A O j = and A 0 2 = 0 2- $ 2 ,
re sp e c tive ly . The te rm  PQ is th e  va lue o f  the  p ro p e rty  a t th e  SCF 
e q u ilib r iu m  geom e try  o f  the  ra d ica l and K it and K j jk  are the
expans ion  co n s ta n ts  derived fro m  the  f i t t in g  p rocedure . The co m p u te d  
energy  fu n c tio n  reproduces the  c a lc u la te d  energies w ith  a m ax im um  e r ro r  
o f  7.9 x  10 ~6 a.u. and a ro o t-m e a n -s q u a re  e rro r  o f  2.7 x  10~6 a.u. The
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s ta tio n a ry  p o in t energy o f  the  a n a ly tic  fu n c tio n  is -78.59715 E h . The 
in te rn a l coo rd ina te s  R, and $ 2 a t t l^e  s ta tio n a ry  p o in t  o f  th e  energy  
fu n c t io n  have the  values R s = 109.07 pm , = 111.75° and $ 2 = 81 .83°; 
w h ich  are e q u iva le n t to  the  SCF e q u ilib r iu m  va lues g iven in  F ig u re  5.2. 
Tab les  5.3 and 5.4 l is t  the  indepe nden t in te rn a l-c o o rd in a te  d is p la ce m e n t 
expans ion  param eters  fo r  th e  energy and sp in  d e n s ity  su rfaces  
re sp e c tive ly . The com puted  a n a ly tic  energy fu n c tio n  is used to  p e r fo rm  a 
s tanda rd  n o rm a l mode ana lysis. The ha rm on ic  frequenc ie s  and h a rm o n ic  
z e ro -p o in t energies ob ta ined  fro m  th is  ana lys is fo r  se lec ted  iso to p o m e rs  
o f  the  e th y l ra d ica l are g iven in  T ab le  5.5.
Tab le  5.3 C a lcu la te d  qua d ra tic  and cub ic  expansion c o n s ta n ts  (a .u .)  o f  
the  a n a ly tic  in te rn a l d isp la ce m e n t co o rd in a te  energy fu n c t io n
Q u a d ra tic  E xpansion C ons tan ts  C ubic E xpans ion  C o n s ta n ts
K « 0.7577 K m -0.01043
^ 2 2 0.1247 K 222 -0 .00675
K 33 0.0978 K 333 0.00072
^12 -0.01316 K 112 -0.00139
K 13 0.000029 K 113 -0 .0 0 0 0 3
K 23 -0.000051 K 223 -0 .00130
K 133 -0 .03900
^ 2 3 3 -0 .02720
K l2 3 -0 .00026
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T ab le  5.4 C a lcu la te d  expansion co n s ta n ts  (a .u .)  o f  th e  a n a ly t ic  in te rn a l 
d isp lacem en t co o rd in a te  fu n c tio n  d e s c rib in g  th e  sp in  d e n s ity  
a t nuc leus X
E xpans ion  C o n s ta n ts
K i 0.05686
k 2 0.00995
k 3 -0.000004
K n 0.20910
k 22 -0.00762
k 33 0.01038
K i2 0.02472
K i 3 0.00128
K 23 0.00008
K m 0.06602
k 222 0.04090
k 333 0.00093
K h 2 0.03183
k i 22 0.01377
K m -0.01350
k 223 0.00002
K i 33 0.0585
k 233 -0.0107
K i 23 -0.0007
Tab le  5.5 C a lcu la te d  ha rm on ic  frequencies (w ) /  c m -1 and ha rm on ic  
z e ro -p o in t energies ( E z p ) /  c m -1
C -H C -M u C -D
6>i 3187.32 9136.32 2344.08
0)2 1895.18 3819.56 1699.35
0)3 1359.22 3725.59 1036.83
E ZP 3220.86 8340.73 2540.13
The su b sc rip ts  1, 2 and 3 re fe r  to  th e  bond  s tre tc h  ang le  bend
( g)2 ) and to rs io n a l m o tio n  ( q 3 ).
F rom  th e  n o rm a l-m o d e  ana lys is the  tra n s fo rm a tio n  m a tr ix  to  n o rm a l 
co o rd in a te s  is ob ta ine d  w h ich  a llo w s  the  sp in  d e n s ity  and energy 
fu n c tio n s  to  be re -expanded  as T a y lo r series expans ions in  te rm s  o f  the  
reduced n o rm a l-c o o rd in a te s . These exp ress ions are then  used in  a 
s ta n d a rd  p e rtu rb a tio n  tre a tm e n t o f  the  v ib ra tio n a l c o rre c tio n s  as o u tlin e d  
in  ch a p te r 3. The expansion  c o e ffic ie n ts  o f  the  a n a ly tic  reduced n o rm a l 
co o rd in a te  ( q L), energy and sp in  d e n s ity  fu n c t io n s  fo r  th e  iso to p o m e rs  
C - X  ( X  = D, H  and M u ) are lis te d  in  Tab les 5.6 and 5.7, respec tive ly . 
The n o rm a l-c o o rd in a te  a n a ly tic  fu n c tio n  has the  fo rm
3  3  3
p = p0 + S “iQi + 2 Pijqiqj + Z Tijkqiqjqk <5-3)
i = l  i , j = l  i , j , k = l
w here  P Q is th e  va lue o f  the  energy o r sp in  d e n s ity  a t th e  s ta tio n a ry  
p o in t  o f  th e  fu n c t io n  and a, (3 and y  are the  expans ion  c o e ffic ie n ts .
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T a b le  5.6 N o rm a l-c o o rd in a te  expansion  c o e ff ic ie n ts  ( x  104 ) f o r  the  energy 
fu n c t io n  o f  th e  iso to p o m e rs  C - X ( X  = D, H , M u ) /  a.u
Is o to p o m e r
C o e ff ic ie n t
C - D
a  a
( x  104 ) 
C - H C - M u
3 n 0.57036 1.05451 8.66448
^22 0.29976 0.37282 1.51436
333 0.11159 0.19177 1.44076
T i l l -0.01047 -0.02649 -0.62598
T 112 0.00108 0.00097 0.00668
T 1 1 3 0.00091 0.00155 0.01966
T 122 -0.00094 0.00021 0.14861
T 1 2 3 0.00007 0.00019 0.00902
T 1 3 3 0.00240 0.00673 0.17745
T 222 -0.00240 -0.00029 -0.00147
T221 -0.00025 0.00005 -0.00156
T 2 3 3 -0.00004 0.00005 0.00437
T 3 3 3 0.00000 0.00006 0.00242
E xpans ion  c o e ff ic ie n ts  o f  a b so lu te  va lue  less than  1 x  10 are g iven as 
e x a c tly  zero .
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T ab le  5.7 N o rm a l-c o o rd in a te  expans io n  c o e ff ic ie n ts  ( x  104 ) fo r  th e  
fu n c t io n  d e sc rib in g  th e  sp in  d e n s ity  a t nuc leus X  (a .u .)  
fo r  the  iso to p o m e rs  C - X  ( X  = D, H , M u )
Is o to p o m e r C - D
C o e ff ic ie n t  ( x  10 4 ) 
C - H C - M u
“ l 4.79269 6.60684 19.1578
a 2 -0.34385 -0.27199 -0.99184
a 3 -1.09422 -1.37124 3.47644
CO
. 0.11122 0.20876 1.73556
P 1 2 -0 .00924 -0.01033 -0 .07494
P  1 3 -0 .02090 -0.03170 -0.19523
P 2 2 0.03737 0.05477 0.40598
P 2 3 -0 .00396 -0 .00694 -0 .09805
P 3 3 0.01301 0.02617 0.24970
Y 111 0.00194 0 .00490 0.11551
Y 112 0.00015 0.00033 0.00590
Y 113 -0 .00009 -0.00011 -0.00135
Y i22 0.00162 0.00310 0.06170
Y 1 2 3 -0 .00010 -0 .00017 -0 .00294
Y 1 3 3 0.00078 0.00221 0.05816
Y222 -0.00012 -0.00012 -0.00177
Y 2 2 3 0.00012 0.00011 -0.00553
Y 2 3 3 -0 .00023 -0 .0 0 0 4 4 -0.01458
Y 3 3 3 -0 .00043 -0 .00096 -0.01825
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The expansion pa ram e te rs  lis te d  in  Tab les 5.6 and 5.7 and th e  h a rm on ic  
frequenc ies  lis te d  in  T a b le  5.5 enab le  th e  c o e ff ic ie n ts  G, A  and B o f  the  
q u a n tu m -n u m b e r expans ion  o f  the  p ro p e rty  to  be d e te rm in e d . The 
q u a n tu m -n u m b e r expans ion  fo r  th e  energy o r  sp in d e n s ity  is  g iven  by
N N
Pv = G + I  A i ( v i + 1 / 2 )  *  2  B jj ( Vj + 1 /2 )  ( v j + 1 / 2 )  (5 .4 )
i = l  U j
w here  v is the  v ib ra tio n a l q u a n tu m  num ber. Th is  e xp re ss io n  enables the  
v ib ra t io n a lly  averaged energy and sp in  d e n s ity  to  be c o m p u te d  fo r  the  
is o to p ic  va rian ts  o f  the  e th y l ra d ica l unde r co n s id e ra tio n . The co m p u te d  
c o e ff ic ie n ts  o f  exp ress ion  (5 .4 )  fo r  th e  energy and the  sp in  d e n s ity  a t 
nuc leus  X  are ta b u la te d  in  Tab les 5.8 and 5.9.
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Tab le  5.8 V ib ra t io n a l q u a n tu m -n u m b e r expansion c o n s ta n ts  fo r  the  
energy e xp ress ion  o f  se lec ted  iso to p o m e rs  o f  th e  e th y l 
ra d ic a l /  c m -1
E / c m  1
C o n s ta n t C - D  C - H  C -  M u
G -6 .077  -7.476 -67.376
A t 2344.085 3187.323 9136.310
A 2 1699.356 1895.180 3819.564
A 3 1036.828 1359.225 3725.591
B u  -33.492 -62.266 -511.888
B 22 -7 .924  -3.991 -18.171
B 33 -4 .0 9 9  -6.914 -52.485
B 12 -29.969 -51.033 -282.686
B 13 -11.116 -22.135 -187.192
B 23 3.988 5.612 47.420
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T ab le  5.9 V ib ra tio n a l q u a n tu m -n u m b e r expans ion  c o n s ta n ts  fo r  the  sp in  
d e n s ity  ( p s ) fu n c t io n  o f  nuc leus X  in  se le c te d  is o to p ic  
v a ria n ts  o f  the  e th y l ra d ica l
C o n s ta n t C - D
p s ( x  102 ) /  a.u. 
C - H C -M u
G 0.00008 0.00138 -0.00016
A i 0.23243 0.31929 0.92188
a 2 0.05418 0.06252 0.13696
a 3 0.00597 0.00934 0.37527
B n 0.01557 0.02854 0.23397
B22 -0.00013 0.00085 -0.01306
B 33 -0 .00046 -0.00722 -0.40811
B 12 0.02514 0.02441 0.20463
B 13 0.02909 0.04097 0.26179
B 23 -0.01454 -0.01301 -0.06299
The f i r s t - o rd e r  w a ve fu n c tio n s  th a t  are used to  de rive  th e  quan tum  
num ber expansions lis te d  in  Tab les 5.8 and 5.9 are a ls o  used to  com pute  
the  v ib ra tio n a l e xp e c ta tio n  va lues o f  the  ro o t-m e a n -s q u a re  am p litudes  
and the  bond  and ang le  d isp lacem en ts . F rom  th e  re s u lts  l is te d  in  Tab le  
5.5 i t  can be seen th a t  the  z e ro -p o in t energy o f  th e  m u o n iu m  s u b s titu te d  
e th y l ra d ica l is cons ide rab ly  la rg e r  than the  ana log ous  p ro tiu m  o r  
d e u te riu m  s u b s titu te d  rad ica ls . The v ib ra tio n a l c o r re c tio n s  to  the  in te rn a l 
co o rd in a te s  are expected  th e re fo re  to  fo l lo w  s im ila r  tre n d s  to  those  
observed in  ch a p te r 4 fo r  is o to p ic  va rian ts  o f  th e  w a te r  m o lecu le . The 
v ib ra tio n a l c o rre c tio n s  to  the  in te rn a l d isp la ce m e n t co o rd in a te s  o f  the  
e th y l rad ica l are lis te d  in  Tab le  5.10.
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T ab le  5.10 E xp e c ta tio n  va lues o f  in te rn a l d isp lacem en t co o rd in a te s  
< A R >  /  pm  and < A $ >  /  °  o f  th e  e th y l ra d ica l
B ond < A  R> < A $ t > < A $ 2 > < A R > 1/2 < A $ t > 1/2 < a s 2 > 1 /2
C - H 1.45 0.077 -0 .072 7.54 6.40 8.50
C - M u 4.70 0.251 -0 .0 3 0 12.78 10.58 12.08
C - D 0.73 0.056 -0 .092 6.46 5.60 8.05
The la rg e s t v ib ra tio n a l c o rre c tio n s in  T ab le  5.10 co rrespond to  is o to p e
s h if ts in  the  C - X  bond  le n g th . F o r th e  is o to p ic va rian ts  X  = D, H  and
M u , th e  average bond le n g th s  are 109.8, 110.52 and 113.77 pm, re sp e c tive ly .
M u o n iu m  s u b s t itu t io n  th e re fo re  re s u lts  in  ab o u t a 4 % increase  in  the
C - X  bond  le n g th  over th e  p ro t iu m  va lue. The v ib ra tio n a l c o rre c tio n s  to
th e  b o n d  and d ih ed ra l ang les are co n s id e ra b ly  s m a lle r than  th o se  to  the
b o n d  le n g th . The d ire c tio n  o f  the  is o to p e  s h if ts  in  the  b ond  ang le
d isp lacem en ts  is e q u iva le n t to  th a t  observed in  the  bond  le n g th s .
H o w e ve r the iso tope  s h if ts  in  th e  d ih e d ra l angle c o rre c tio n s  are in  the
o p p o s ite  d ire c tio n  to  th o se  observed in  the  bond le n g th  and bond  angle.
F o r a l l  is o to p ic  va ria n ts  cons ide red  the  com pu ted  v ib ra tio n a l c o rre c tio n s
to  th e  d ih ed ra l angle re s u lt  in  a s m a ll decrease in  the  d ih e d ra l ang le . F o r
th is  pa ram e te r d e u te riu m  s u b s t itu t io n  re s u lts  in  the la rg e s t iso to p e  s h if t ,
a 0.1 % decrease in the  d ih e d ra l ang le . These co rre c tio n s  to  the  d ih e d ra l
ang le  in d ica te  th a t on is o to p ic  s u b s t itu t io n  a t p o s itio n  X , the  ang le
b e tw een  the  axis  o f  the  C - X  bond  and the  axis o f  the  n o tio n a l 2pz
o rb ita l cen tred  on the  m e th y le n ic  ca rbon  (see F igure 1.5) devia tes s l ig h t ly
f ro m  zero . The d e u te riu m  experiences the  la rg e s t dev ia tion  w h ich  is  in
ag reem en t w ith  e xp e rim e n ta l re s u lts  [ 4 7 ]  and p rev ious th e o re tic a l s tu d ie s
o f  iso to p o m e rs  o f  the  e th y l ra d ica l [ 131, 136 ]. The size o f  the  d e v ia tio n
is  s m a ll fo r  a ll is o to p o m e rs  cons ide red . The re s u lts  how ever in d ica te  th a t
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th e  p re fe rre d  c o n fo rm a tio n  o f  th e  d e u te riu m  is o to p o m e r does n o t  have 
th e  C - D  bond  e c lip s in g  th e  2pz o rb ita l cen tred  on the  m e th y le n ic  ca rbon .
The v ib ra tio n a l c o rre c tio n s  to  th e  in te rn a l co o rd in a te s  o f  th e  e th y l 
ra d ic a l and its  iso to p o m e rs  lis te d  in  T ab le  5.10 are the  re s u lt  o f  in c lu d in g  
th ir d  o rd e r te rm s  in the  n o rm a l-c o o rd in a te  expansion (5 .3 ). The co m p u te d  
is o to p e  s h if ts  in  the  in te rn a l co o rd in a te s  ind ica te  th a t  each is o to p ic  
v a r ia n t o f  the  e th y l ra d ica l experiences a d if fe re n t re g ion  o f  th e  energy 
su rface . Th is  is co n firm e d  by th e  d iffe re n c e  in  the  n o rm a l-c o o rd in a te  
expans ion  co n s ta n ts  lis te d  in  T ab le  5.6. N e g le c tio n  o f  th ir d  o rd e r te rm s  
in  express ion  (5 .3 ) re s u lts  in  the  iso to p e  s h if ts  in  th e  
in te rn a l-c o o rd in a te s  be ing zero. The re s u lts  w o u ld  th e re fo re  p ro v id e  no 
in fo rm a tio n  on the  c o n fo rm a tio n a l changes th a t o ccu r on  is o to p ic  
s u b s titu t io n . The values o f  the  ro o t-m e a n -s q u a re  a m p litu d e s  l is te d  in  
T ab le  5.10 give a m easure o f  the  ha rm on ic  m o tio n  o f  each is o to p o m e r. 
Due to  the  la rge  z e ro -p o in t energy o f  the  m uon ium  s u b s t itu te d  e th y l 
ra d ic a l i t  has the  la rg e s t ro o t-m e a n -s q u a re  am p litu d e s  and th e re fo re  
sam ples the  la rg e s t area o f  the  energy su rface  abou t i t s  e q u ilib r iu m  
geom etry . The heavy deu te riu m  is o to p e  has the lo w e s t z e ro -p o in t  energy 
and th e re fo re  sam ples the  sm a lle s t area o f  the  energy su rface .
The v ib ra tio n a l c o rre c tio n s  to  th e  energy and to  the sp in  d e n s ity  ( p s ) 
a t nucleus X  are g iven in  Table 5.11. The co rre c tio n s  to  b o th  p ro p e rtie s  
show  th a t is o to p ic  s u b s t itu t io n  by  m uon ium  produces th e  la rg e s t is o to p e  
s h if ts .  The c o rre c tio n s  to  the  [3 -hyperfine  co u p lin g  c o n s ta n t o f  nuc leus X  
fo r  each iso to p o m e r has been ca lcu la te d  us ing  the  re la tio n s h ip
A x  = 8 t t  g e g N ^ e ^ N 1 PS| <5-S)
3h
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as described in  ch a p te r 3. S ince sp in  d e n s ity  is o f te n  c a lc u la te d  in  a to m ic  
u n its  A x can be expressed in  a to m ic  u n its  by
A x = « £  SeSN 1 p s 1 (5 .6 )
3m x
w here a is  th e  fin e  s tru c tu re  c o n s ta n t and m x is  th e  n u c le a r m ass. The 
v e lo c ity  o f  l ig h t  in  a to m ic  u n its  is  spec ified  as a -1 and has a va lue o f  137 
a.u. T he re fo re  i f  the  sp in  d e n s ity  a lone  is  re p o rte d  in  a.u. th e n  A „  /  
M H z = 14229.0 Ip® I, s im ila r ly  the  conve rs ion  fa c to rs  fo r  d e u te r iu m  and 
p ro tiu m  are 1372.26 and 4469.879, re sp e c tive ly .
Table 5.11 Z e ro -p o in t  v ib ra tio n a l c o rre c tio n s  to  the  energy (E )  and 
sp in  d e n s ity  ( p s ) /  a.u.
P roperty
a
Po C - H C -  M u C - D
E -78.59715 -0 .01448 (3 ) -0 .0 3 6 8 (2 ) -0.01145(2)
Ps 0.03022 0 .002 (5 ) 0 .0 0 7 (5 ) 0 .0015(4 )
a PQ denotes th e  va lue o f  the  p ro p e rty  a t the  s ta t io n a ry  p o in t o f  the  
ana ly tic  fu n c tio n .
The e rro r  l im its  g iven in  parentheses are th ree  tim e s  th e  s tanda rd  
dev ia tions  [  99 ] .
The c o rre c tio n s  to  the  (3-hyperfine co u p lin g  c o n s ta n ts  ca lcu la te d  fro m  
the  com puted  sp in  dens itie s  fo r  each is o to p o m e r are g iven  in  T ab le  5.12. 
These v ib ra tio n a l c o rre c tio n s  are decom posed in to  h a rm o n ic  and
anharm on ic c o n tr ib u t io n s  and the  co u p lin g  o f  M u  and D are re p o rte d  in  
th e ir  reduced fo rm  to  fa c il i ta te  com parisons.
In  Table 5.12 the  q u a n tity  C, is a c o n s ta n t indepe nden t o f  the
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v ib ra tio n a l s ta te , w h ich  co rresponds to  the  pa ra m e te r G in  Tab le  5.9, 
a r is in g  fro m  th e  in c lu s io n  o f a n h a rm o n ic ity  in  th e  v ib ra tio n a l ana lys is. 
F o r a l l  cases th e  anharm on ic  co rre c tio n s  re in fo rc e  the  d o m in a n t ha rm on ic  
c o rre c tio n s  and re s u lt  in  an increased va lue o f  th e  co u p lin g . The c o u p lin g  
increases f ro m  142.172 M H z fo r  the  C - D  species to  166.097 M H z fo r  the  
C - M u  species. T ab le  5.12 show s th a t the  h a rm o n ic  and anharm on ic  te rm s
T ab le  5.12 H a rm o n ic  and anharm on ic c o rre c tio n s  to  th e  3—hyp e rfin e  
co u p lin g  c o n s ta n t (A )  /  M H z
A p a ; A d
Po 135.079 135.079 135.079
c 0.0616 -0 .0073 0.0039
H a rm o n ic 8.743 24.504 6.539
A n h a rm o n ic 0.831 6.527 0.550
T o ta l 144.715 166.097 142.172
are iso to p e  dependent as fo u n d  in  the  v ib ra tio n a l c o rre c tio n s  to  the  
qu a d ru p o le  co u p lin g  c o n s ta n t o f  is o to p ic  v a ria n ts  o f  the  w a te r  m o lecu le . 
The ca lcu la te d  iso to p e  e ffe c ts  m u s t arise  fro m  the  d if fe re n t  nuc le i 
sa m p lin g  d if fe re n t  reg ions  o f  the  sp in  d e n s ity  su rface . The iso to p e  
dependence o f  th e  n o rm a l-c o o rd in a te  c o e ff ic ie n ts  lis te d  in  T ab le  5.7 are 
c le a r ly  iso to p e  dependent and can th e re fo re  be seen to  accoun t fo r  the  
d iffe re n c e  in  the  sp in  de n s ity  o f  the  th ree  iso to p o m e rs  considered . The 
re s u lts  a lso  show  th a t the  dom inan t te rm s  in  desc rib ing  the  sp in  d e n s ity  
a t nuc leus X  are the  c o e ffic ie n ts  o f  the  n o rm a l-c o o rd in a te  describ ing  the  
C - X  bond  s tre tc h in g  m o tio n . Fo r exam ple  the  va lue  fo r  the  expansion 
c o n s ta n t ocj is 0.000479, 0.000661 and 0.001916 fo r  C - D ,  C - H  and C -M u ,
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re sp e c tive ly .
F igu res 5.3 and 5.4 show  the  v a r ia tio n  o f  th e  energy and the  sp in  
d e n s ity  o f  th e  e th y l rad ica l w ith  in te rn a l co o rd in a te s  R and The
F igures c le a r ly  show  th a t fo r  d isp lacem en ts  e q u iva le n t to  those  re p o rte d  
in  T ab le  5.10 the  re g io n  o f  the  su rface  sam p led  by each iso to p e  w i l l  be 
m a rke d ly  d if fe re n t.  F igu re  5.4 show s th a t  due to  the  m uon ’s la rge  
ro o t-m e a n -s q u a re  a m p litu d e  the  sp in  d e n s ity  is sam p led  over a reg ion  o f  
the  su rface  w here  th e re  is a la rge  v a ria tio n  o f  th is  p ro p e rty . The la rge  
ha rm on ic  c o rre c tio n  to  the co u p lin g  c o n s ta n t o f  the  m uon can be 
a t t r ib u te d  to  th is  v a r ia tio n  o f  the  sp in d e n s ity  w ith in  the  l im its  o f  the  
m uon ’s z e ro -p o in t  m o tio n . The o th e r iso to p e s  experience less o f  an e ffe c t 
due to  th e ir  s m a lle r  z e ro -p o in t energies. T ab le  5.12 ind ica tes  th a t the  
anha rm on ic  c o n tr ib u t io n  to  the v ib ra tio n a l c o r re c tio n  is o n ly  s ig n if ic a n t 
fo r  the  l ig h t  iso to p e  m uon ium . For the  p ro tiu m  and d e u te riu m  s u b s titu te d  
species the  anha rm on ic  c o rre c tio n  is a lm o s t n e g lig ib le . In  c o n tra s t the  
v ib ra tio n a l c o rre c tio n s  to  the  3- hyp e rfin e  c o u p lin g  co n s ta n t leads to  a 
re s id u a l is o to p e  e f fe c t  o f  ca. 15 % fo r  the  m uon ove r the  p ro to n .
The co m p u te d  th e o re tic a l re s u lts  enab le  an e s tim a te  o f  the  
h ig h -te m p e ra tu re  l im i t  (A )  o f  the  3“ h yp e rfin e  co u p lin g s  o f  the  e th y l 
ra d ica l to  be ca lcu la te d . A t  the  h igh  te m p e ra tu re  l im i t  the re  is e sse n tia lly  
fre e  ro ta t io n  a b o u t the  cen tra l C - C  bond  o f  the  rad ica l. The 3~hype rfine  
c o u p lin g  c o n s ta n t is n o rm a lly  re p o rte d  as the  average o f  the 3“ hype rfine  
co u p lin g s , Ap = 1 / 3 ( A X + 2 A p ) ,  since free  ro ta t io n  is assumed. W here 
A p is th e  h yp e rfin e  co u p lin g  c o n s ta n t o f  the  3~p ro tons  n o t con ta ined  in 
th e  p lane o f  th e  n o tio n a l 2pz o rb ita l co n ta in in g  th e  unpa ired e le c tro n . I f  
i t  is  assum ed th a t the  value o f  A p is th a t o b ta in e d  a t the  SCF leve l, A p 
= 37.87 M H z. Then the  h ig h -te m p e ra tu re  l im its  are A (C H 2 M u )=  80.65 
M H z  and A ( C H 3 ) = 73.48 M H z. These re s u lts  are in  s u rp r is in g ly  good
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F igu re  5.3 V a ria tio n  o f  the  energy o f  the  e th y l ra d ica l w ith  
in te rn a l d isp lacem en t co o rd in a te s  A R  and
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F igu re  S.4 V a ria tio n  o f  the  sp in  d e n s ity  a t nucleus X  o f  th e  e th y l ra d ica l 
w ith  in te rn a l d isp la ce m e n t coo rd ian tes  A R  and A O j.
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agreem ent w ith  the  e x p e r im e n ta lly  m easured h igh  te m p e ra tu re  l im its  o f  
A ( C H 2 M u )=  79 M H z [ 6 7 ]  and A ( C H 3 ) = 75.3 M H Z  [ 4 5 ] .  The co m p u te d  
p ro to n  h ig h -te m p e ra tu re  l im i t  is  p ro b a b ly  less accu ra te  because o f  the  
n eg lec t o f  the  v ib ra tio n a l co u p lin g  betw een th e  C - X  g ro u p  and the  re s t 
o f  the  rad ica l. These e s tim a te s  c o u ld  o f  course  be im p ro ve d  by  a m ore  
com p le te  tre a tm e n t o f  th e  v ib ra tio n a l averaging. The good  ag reem en t o f  
the  m uon re s u lt ,  how ever, c o n firm s  th a t the  m a jo r c o n tr ib u t io n s  to  the  
v ib ra tio n a l c o rre c tio n s  o f  the  m uon arise fro m  th e  th re e  n o rm a l m odes 
considered and th e ir  co u p lin g .
The v ib ra tio n a l ana lys is  p resented  in  th is  ch a p te r and the  w o rk  o f  
C la x to n  e t a l. [ 7 5 ] ,  show  th a t  the  res idua l iso to p e  e f fe c t  observed  fo r  
the  m uon 3 -h y p e rfin e  co u p lin g s  can be exp la ined  th ro u g h  c o n s id e ra tio n  o f  
v ib ra tio n a l averag ing . The v ib ra tio n a l c o rre c tio n s  are fo u n d  to  be 
com posed o f  a d o m in a n t ha rm on ic  te rm  and a s m a ll anha rm on ic  te rm . 
The harm on ic  te rm  arises fro m  the  fa c t th a t  fo r  each is o to p o m e r the  
sp in  dens ity  is averaged over a d if fe re n t reg ion  o f  th e  su rfa ce  abo u t the  
s ta tio n a ry  p o in t. The la rg e  ro o t-m e a n -sq u a re  a m p litu d e  o f  th e  m uon 
re s u lts  in  the  m uon ic  species having the la rg e s t anha rm on ic  c o rre c tio n . 
The co rrespond ing  anha rm on ic  co rre c tio n s  fo r  the  p ro t iu m  and d e u te riu m  
species are n e g lig ib le  in  com parison . These e ffe c ts  can a lso  be used to  
exp la in  the d iffe re n c e  in  the  b a rr ie rs  to  in te rn a l ro ta t io n  o f  d if fe re n t  
is o to p ic a lly  s u b s t itu te d  e th y l rad ica ls .
I t  shou ld  be no ted  th a t a ll com pu ted  re s u lts  have neg lec te d  
v ib ra t io n a l- ro ta t io n a l co u p lin g  and assumed th e  ra d ica l to  be in  its  
g round  v ib ra tio n a l s ta te . C o rre c tio n s  over e xc ite d  v ib ra tio n a l and 
ro ta t io n a l s ta te s  w o u ld  have to  be inc luded  fo r  a c o m p le te  s tu d y . These 
co rre c tio n s  w o u ld  be expected  to  re s u lt  in  la rg e r v ib ra tio n a l c o rre c tio n s  
and th e re fo re  an increase in  the  res idua l iso to p e  e ffe c t.
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5.4 The Residual Isotope Effect
In  th e  p rev ious sec tion  i t  has been show n  th a t i t  is  p o ss ib le  to  
a cco u n t fo r  th e  observed re s id u a l iso to p e  e f fe c t  in  the  h y p e rfin e  co u p lin g  
o f  th e  e th y l ra d ica l by cons ide ring  the  e ffe c ts  o f  z e ro -p o in t v ib ra tio n a l 
c o rre c tio n s  to  the sp in  d e n s ity  a t th e  ^ -n u c le i.  T h is  im p lie s  th a t  the  
re s id u a l iso to p e  e ffe c t  is p r im a r ily  dynam ic  in  o r ig in . T h is  is su p p o rte d  
by  a th e o re tic a l s tu d y  o f  the  d iffe re n c e  in  the  b a rr ie rs  to  in te rn a l 
ro ta t io n  o f  iso to p o m e rs  o f  the  e th y l ra d ic a l p e rfo rm e d  by  C la x to n  and 
G raham  [13 1 1  In  th is  w o rk  i t  was fo u n d  th a t  the  d iffe re n c e s  in  the 
b a rr ie rs  co u ld  be a ttr ib u te d  la rg e ly  to  c o n tr ib u t io n s  fro m  the  z e ro -p o in t 
energy  o f  the  d if fe re n t iso to p o m e rs . P rev ious s tud ies  o f  m uon ium  
s u b s t itu te d  ra d ica ls  have p roposed  th a t th e  re s id u a l is o to p e  e f fe c t  is 
governed  by a hype rcon juga tive  m echanism  [3 3 , 54, 63, 64 3.
The te rm  h ype rcon ju ga tion  was f i r s t  in tro d u c e d  by M u llik e n  in  1939 
[137 3 and was la te r  used to  e xp la in  the  d if fe re n t  e le c tro n  re leas ing  
s tre n g th s  o f  a lk y l g roups and the  e f fe c t  o f  such a lk y l g roups  on re a c tio n  
ra te s  [138 3. F o r the  case o f  o rg a n ic  fre e -ra d ic a ls  h y p e rco n ju g a tio n  is 
n o rm a lly  used to  exp la in  the  appearance o f  unpa ired  sp in  d e n s ity  a t 
d if fe re n t  nuc lea r s ites . The m echanism  o f  h yp e rco n ju g a tio n  can, in  a 
re s tr ic te d  sense, be associa ted w ith  a th ro u g h  space d e lo c a lis a tio n  o f  
e le c tro n  sp in  betw een non-bonded  a tom s [1393. Th is  d e lo c a lis a tio n  o f  the  
sp in  d e n s ity  is governed by the  c o n fo rm a tio n  o f  the  system  and th e re fo re  
th e  re la t iv e  ove rlap  o f  the  o rb ita ls  lo ca te d  on th e  non -bon ded  a tom s. In  
a m ore  genera l sense hype rcon ju ga tion  can a lso  be taken  to  in c lu d e  the  
e ffe c ts  o f  sp in  p o la r iz a tio n  m echanism s. These m echanism s re s u lt  f ro m  
c o n fo rm a tio n s  w h ich  induce the  tra n s fe r  o f  sp in  d e n s ity  to  a p a r t ic u la r  
nuc leus  w ith o u t  the  tra n s fe r  o f  e le c tro n  d e n s ity . The tra n s fe r  o f  sp in
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d e n s ity  by th is  m echanism  can o ccu r in  m o le cu la r system s w here  th e re  is 
m ore  than  one in te rve n in g  bond  be tw een  the  unpaired e le c tro n  and the  
nuc leus  o f  in te re s t. B o th  sp in p o la r iz a tio n  and d e lo c a liz a tio n  can o ccu r 
th ro u g h  d ire c t o r  in d ire c t processes. A  d ire c t process im p lie s  the  tra n s fe r  
o f  sp in  d e n s ity  th ro u g h  space and an in d ire c t process im p lie s  sp in  d e n s ity  
t ra n s fe r  th ro u g h  th e  c lass ica l b o n d in g  pathw ay. The m echanism s o f  
h yp e rco n ju g a tio n  enable an u n d e rs ta n d in g , in  re la t iv e ly  s tra ig h t fo rw a rd  
te rm s , o f  the  fa c to rs  govern ing  the  appearance o f  unpa ired  sp in  d e n s ity  
a t d if fe re n t  s ites  th ro u g h o u t the  m o le cu le .
H ow eve r, a p p lica tio n  o f  the  co n ce p t o f  h ype rcon ju ga tion  to  the  re s id u a l 
is o to p e  e ffe c t  observed in  the  h yp e rfin e  c o u p lin g  o f  the  e th y l ra d ica l 
in fe rs  th a t  is o to p ic  s u b s t itu t io n  re s u lts  in  a change in  th e  e le c tro n ic  
w a v e fu n c tio n  o f the  system . T h is  is  c o n tra ry  to  the  B o rn -O p p e n h e im e r 
a p p ro x im a tio n  w h ich  proposes th a t the  e le c tro n ic  w a v e fu n c tio n  and 
p o te n t ia l energy su rface  o f  a ll iso to p o m e rs  o f  the  e th y l ra d ica l are the  
same. The res idua l iso to p e  e ffe c t,  w ith in  the  l im its  o f  the  
B o rn -O p p e n h e im e r a p p ro x im a tio n , can be a t tr ib u te d  to  th e  iso to p o m e rs  
sa m p lin g  d if fe re n t reg ions o f  the  same p o te n tia l energy su rface  due to  
th e ir  d if fe re n t  z e ro -p o in t v ib ra tio n a l energ ies, as show n in  the  p rev ious 
se c tio n . Th is  dynam ic e ffe c t can a lso  be extended to  exp la in  the  
d if fe re n c e  in the  ro ta tio n a l b a rr ie rs  o f  the  iso to p o m e rs . The 
h yp e rco n ju g a tio n  a rgum ent, w h ich  becom es in c re a s in g ly  d i f f ic u l t  to  
in te rp re t  in  te rm s o f  the  e le c tro n ic  w ave fu n c tio n s  ob ta ine d  fro m  
s o p h is tic a te d  ab in it io  c a lcu la tio n s , is th e re fo re  o n ly  ap p lica b le  i f  i t  
cons ide rs  sp in  tra n s fe r  m echanism s th a t do n o t in vo lve  the  tra n s fe r  o f  
e le c tro n  dens ity  and w h ich  can be re la te d  to  the dynam ic e f fe c t  gove rn ing  
th e  re s id u a l iso tope  e ffe c t.
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C H A P TE R
6 Sum m ary and S uggestions f o r  F u r th e r  W o rk
The e xp e rim e n ta l and th e o re tic a l in v e s tig a tio n s  o f  m uon ic  species 
re p o rte d  in  th is  th e s is , show  th a t s u b s t itu t io n  o f  hyd rogen  by i ts  l ig h t ,  
is o to p e , m u o n iu m  re s u lts  in  s ig n if ic a n t is o to p e  e ffe c ts  on m o le cu la r 
p ro p e rtie s . T h is  e f fe c t  is observed ve ry  c le a r ly  in  the  e x p e rim e n ta lly  
observed  m u o n -e le c tro n  ^ -h y p e rfin e  c o u p lin g  c o n s ta n t o f  the  
2 -m u o x y p ro p -2 -y l ra d ica l re p o rte d  in  c h a p te r tw o . Th is  rad ica l was
fo rm e d  by  m uon  im p la n ta tio n  in  severa l p ro p a n -2 -o n e :w a te r m ix tu re s  and 
a m ix tu re  o f  p ropa n -2 -o n e :n -h e xa n e ; and w as s tu d ie d  us ing  the  techn ique 
o f  transve rse  f ie ld  pSR spectroscopy. F o r a l l  m ix tu re s  s tud ied , the  
h y p e rfin e  c o u p lin g  c o n s ta n t o f the  m u o xy  ra d ica l fo rm e d  is fo u n d  to  be 
s m a ll and to  show  a p o s itive  te m p e ra tu re  dependence. The tem p e ra tu re  
dependence, over the  liq u id  range o f  th e  sam ples, o f  the  hype rfine
c o u p lin g  is  observed to  be a lm o s t lin e a r w ith  o n ly  a s l ig h t  dev ia tion  fjcujn 
l in e a r ity  a t lo w  tem pe ra tu res . The h yp e rfin e  c o u p lin g  c o n s ta n t o f  the  
2 -m u o x y p ro p -2 -y l rad ica l, in  each o f th e  m ix tu re s  s tud ied , is fo u n d  to  be 
la rg e r, a t a l l  te m pe ra tu res , than  th e  co rre sp o n d in g  h yd ro xy  hype rfine
c o u p lin g  c o n s ta n t o f  the  ana logous 2 -h y d ro x y p ro p -2 -y l rad ica l. Th is  
increase in  th e  m agn itude  o f  the  h yp e rfin e  co u p lin g  on s u b s t itu t io n  o f  
hyd rogen  by m uon ium  is a t tr ib u te d  to  th e  d iffe re n c e  in  the  z e ro -p o in t
v ib ra tio n a l energ ies o f  the  d if fe re n t is o to p o m e rs . The la rg e r z e ro -p o in t 
energy o f  th e  m uon re s u lts  in  the  O M u  g ro u p  o f  the  rad ica l undergo ing  
g re a te r l ib ra t io n a l m o tio n  abou t th e  c e n tra l C - O  bond than  the  
ana logous O H  g ro u p  o f  the  hyd roxy  ra d ica l. C on se q u e n tly  the  increase in  
th e  average to rs io n a l m o tio n , on m u o n iu m  s u b s t itu t io n ,  re s u lts  in  an 
increased va lue  o f  the  h yp e rfin e  co u p lin g  c o n s ta n t, as observed.
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I t  is a lso  show n  in  ch a p te r tw o  th a t  the  a d d itio n  o f  s m a ll q u a n tit ie s  
o f  w a te r to  a sam ple  o f  pu re  p ro p a n -2 -o n e  re s u lts  in  a s l ig h t  lo w e rin g , 
o ve r the f u l l  l iq u id  range o f  th e  m ix tu re , in  the  va lue  o f  the  
m u o n -e le c tro n  h yp e rfin e  co u p lin g  c o n s ta n t w ith  respec t to  the  co u p lin g  
in  pu re  p ro p a n -2 -o n e . The lo w e rin g  in  the  value o f  the  h yp e rfin e  co u p lin g  
c o n s ta n t, on the  a d d it io n  o f  w a te r, is  th o u g h t to  arise f ro m  the  O M u 
g ro u p  o f  the  ra d ica l expe rienc in g  a g re a te r degree o f  hyd rogen  bo n d in g  
due to  the  presence o f  th e  w a te r. The increase in  the  h yd rogen  b o n d in g  
in  th e  aqueous m ix tu re s  h inde rs  th e  to rs io n a l m o tio n  o f  th e  O M u  g roup , 
w h ic h  re s u lts  in  a lo w e r in g  in  the  m agn itude  o f  the  obse rved  h yp e rfin e  
c o u p lin g  co n s ta n t.
A ssoc ia ted  w ith  the  increased hydrogen bond ing  in  th e  aqueous 
m ix tu re s  is an increase in  the  b a rr ie r  to  in te rn a l ro ta t io n  o f  the  O M u 
g ro u p  aga ins t the  re s t o f  the  ra d ica l. U s ing  the  ro ta t io n a l averaging 
techn iqu e  o u tlin e d  in  ch a p te r one the  b a rr ie r  to  in te rn a l ro ta t io n  o f  the  
2 -m u o x y p ro p -2 -y l ra d ica l, in  pu re  p ro p a n -2 -o n e , is  fou n d  to  equa l 3828.0 
J m o l 1 and in  a 15:1, by vo lum e, p ro p a n -2 -o n e :w a te r m ix tu re  is 8816.8 J 
m o l 1. The b a rr ie r  to  in te rn a l ro ta t io n  derived fro m  th e  e x p e r im e n ta lly  
m easured h ype rfine  co u p lin g  c o n s ta n ts  is fo r  a ll aqueous m ix tu re s  
s tu d ie d , h igher than  the  b a rr ie r  h e ig h t re p o rte d  fo r  the  2 -m u o x y p ro p -2 -y l 
ra d ic a l fo rm ed  in  pu re  p ro p a n -2 -o n e . Th is  re s u lt  su p p o rts  the  concep t 
th a t  the  a d d itio n  o f  w a te r to  a s o lu t io n  o f  p ro p a n -2 -o n e  increases the  
degree o f  hydrogen bo n d in g  in  the  s o lu t io n  and re s u lts  in  a h in d e rin g  o f  
th e  to rs io n a l m o tio n  o f  the  O M u g ro u p  abou t the  c e n tra l C - O  bond.
The b a rr ie r to  in te rn a l ro ta t io n  o f  the  analogous 2 -h y d ro x y p ro p -2 -y l 
ra d ic a l is  kn o w n  fro m  an EPR s tu d y  o f  the  te m p e ra tu re  dependence o f  
th e  hyd roxy  h yp e rfin e  c o u p lin g  c o n s ta n t in  d if fe re n t so lve n ts . The
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ca lcu la te d  b a rr ie r  to  in te rn a l ro ta t io n  fo r  th is  ra d ic a l is  10467 J m o l-1 
and is  cons ide rab ly  h ighe r th a n  th e  b a rr ie r  to  in te rn a l ro ta t io n  o f  the
2 -m u o x y p ro p -2 -y l rad ica l. T h is  re s u lt  ind ica tes  th a t  th e  O H  g ro u p  o f  the  
h yd ro xy  ra d ica l experiences a g re a te r degree o f  in te rm o le c u la r  hydrogen  
b ond in g  than  the  ana logous m u o xy  rad ica l. The d iffe re n c e  in  th e  degree 
o f  hydrogen bo n d in g  experienced by  the  is o to p o m e rs  c o u ld  a rise  fro m  the  
d iffe re n c e  in  th e ir  z e ro -p o in t v ib ra t io n a l energies.
The a d d itio n  o f  a q u a n tity  o f  n -hexane to  l iq u id  p ro p a n -2 -o n e  is 
expected  to  re s u lt  in  a decrease in  th e  hydrogen b o n d in g  p re s e n t in  the 
s o lu t io n  and consequ en tly  an increase in the  m a g n itu d e  o f  th e  observed 
m u o n -e le c tro n  (3-hyperfine c o u p lin g  co n s ta n t. H ow eve r, a t the  
te m p e ra tu re s  183 and 232 k  a t w h ich  the  co u p lin g  c o n s ta n t was m easured, 
th e re  is no appa ren t increase in  the  va lue o f  th e  h y p e rfin e  co u p lin g . In  
fa c t, a t the  lo w e r te m p e ra tu re  the  hyp e rfin e  c o u p lin g  w as fo u n d  to  be 
s l ig h t ly  s m a lle r than  th a t m easured in  pure p ro p a n -2 -o n e . T h is  re s u lt  is 
c o n tra ry  to  th e  re s u lts  ob ta in e d  fro m  a ro o m  te m p e ra tu re  A LC  s tu d y  o f  
a p ropan -2 -one :hexane  m ix tu re . A t  room  te m p e ra tu re  the  va lue o f  the  
hyp e rfin e  co u p lin g  c o n s ta n t o f  th e  m uoxy ra d ica l fo rm e d  in  the  hexane 
m ix tu re  show s the  expected increase in  m agn itude . T h is  v a r ia tio n  in  the 
te m p e ra tu re  dependence o f  th e  c o u p lin g  c o n s ta n t c o u ld  arise  fro m  the 
d iffe re n ce  in  the  s ign and m a g n itu d e  o f  the  average h yp e rfin e  co u p lin g  
co n s ta n ts  co rrespond ing  to  the  lo w  ly in g  to rs io n a l s ta te s  o f  the  rad ica l. 
The d iffe re n ce  in  the  c o n tr ib u t io n  to  the  average h yp e rfin e  co u p lin g  
c o n s ta n t o f  th e  lo w  ly in g  to rs io n a l s ta tes  c o u ld  a lso  e xp la in  the  sm a ll 
d e v ia tio n  fro m  lin e a r ity  observed  in  the  te m p e ra tu re  dependence o f  the  
h yp e rfin e  c o u p lin g  co n s ta n t o f  th e  2 -m u o x y p ro p -2 -y l ra d ica l fo rm e d  in  
p ro p a n -2 -o n e :w a te r m ix tu re s . F u rth e r, fro m  s im ila r  co n s id e ra tio n s  i t  is
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p re d ic te d  th a t  a t lo w  te m p e ra tu re s , th e  te m p e ra tu re  dependence o f  the  
h y p e rfin e  co u p lin g  o f  th e  m uoxy  and h y d ro x y  p ro p -2 -y l ra d ica ls  is 
m a rke d ly  d if fe re n t.
T o  fu r th e r  in v e s tig a te  th e  in flu e n c e  o f  th e  lo w  ly in g  to rs io n a l s ta te s  
upon  the  m u o n -e le c tro n  h yp e rfin e  c o u p lin g  c o n s ta n t o f  the
2 -m u o x y p ro p -2 -y l ra d ica l a lo w  te m p e ra tu re  TF-pSR s tu d y  o f  
p ro p a n -2 -o n e  sh o u ld  be p e rfo rm e d . T h is  e xp e rim e n t requ ires  the  
in tro d u c t io n  o f  a s m a ll q u a n tity  o f  so lv e n t, such as 2 -m e th y lb u ta n e , to  
depress the  fre e z in g  p o in t o f  the  re s u lt in g  s o lu t io n . A  co m p le te  s tu d y  o f  
th e  te m p e ra tu re  dependence o f  the  h y p e rfin e  co u p lin g  c o n s ta n t o f  
a sam p le  o f  p ro p a n -2 -o n e :n -h e xa n e  co u ld  p ro v id e  u s e fu l in fo rm a tio n  on 
th is  e f fe c t  and a lso  the  in flu e n c e  o f  hyd rogen  bo n d in g  on the  h yp e rfin e  
c o u p lin g  co n s ta n t.
The re g io s e le c tiv ity  o f  m uon ium  a d d it io n  to  th e  a [3-unsa tu ra ted  ke tone ,
3 -m e th y l-2 -b u te n a l has a lso  been s tu d ie d . The re s u lts  re p o rte d  in  ch a p te r 
tw o  show  th a t on m uon im p la n ta tio n  in  th is  su b s tra te  tw o  d if fe re n t  
m u o n iu m  s u b s titu te d  rad ica ls  are fo rm e d . The reduced m u o n -e le c tro n  
h y p e rfin e  co u p lin g  co n s ta n ts  o f  the  ra d ica ls  fo rm e d  a t 273 K  are 59.96 
and 2.89 M H z. A  s tu d y  o f  the  te m p e ra tu re  dependence o f  these co u p lin g s  
enables ass ignm ents  o f  the  ra d ic a ls ’ s tru c tu re s  to  be made. The h ig h e r 
c o u p lin g  c o n s ta n t re s u lts  fro m  m uon ium  a d d it io n  to  the  C = C g roup  o f  
th e  s u b s tra te  to  fo rm  a d e loca lize d  a l ly l  type  rad ica l and the  lo w e r  
c o u p lin g  c o n s ta n t is th e  consequence o f  m uon ium  a d d itio n  to  the  
ca rb o n y l g roup  to  fo rm  a m uoxy type  ra d ica l. These re s u lts  are the  f i r s t  
c le a r o b se rva tio n  o f  co m p e tit iv e  m uon ium  a d d it io n  to  an a(3 -unsa tu ra ted  
ke to n e . A  co m p le te  u n d e rs ta n d in g  o f  th e  e ffe c ts  in flu e n c in g  the  
re g io s e le c tiv ity  o f  m uon ium  a d d it io n  can o n ly  be achieved fro m  fu r th e r
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e x p e rim e n ta l s tud ies  o f  a ft-u n sa tu ra te d  ke tones  and co m p le m e n ta ry  
th e o re t ic a l ca lc u la tio n s  o f  the  e le c tro n ic  s tru c tu re  o f  the  ra d ica ls  fo rm e d  
on m u o n iu m  a d d itio n .
C hap te rs  fo u r  and five  re p o r t the  re s u lts  ob ta ine d  fro m  com prehensive  
th e o re tic a l s tud ies  o f  the  e ffe c t o f  is o to p ic  s u b s t itu t io n  on m o le c u la r 
p ro p e rtie s  o f  the  w a te r m o lecu le  and th e  e th y l ra d ica l, re sp e c tive ly . These 
s tu d ie s  are based upon ab in it io  m o le c u la r o rb ita l th e o ry  and invo lve  the  
c o m p u ta tio n  o f  v ib ra tio n a lly  averaged m o le c u la r p ro p e rtie s  us ing  a 
v a r ia t io n -p e r tu rb a t io n  technique. The v ib ra t io n a lly  averaged p ro p e rtie s  are 
co m p u te d  by  c a lc u la tin g  the e xp e c ta tio n  va lue o f  the  e le c tro n ic  p ro p e rty , 
described  by an a n a ly tica l fu n c tio n , us ing  v ib ra tio n a l w a ve fu n c tio n s  
co rre c te d  th ro u g h  f ir s t -o rd e r .  The v ib ra tio n a l w a ve fu n c tio n s  used in  these 
c a lc u la tio n s  are dependent on the  is o to p ic  v a r ia n t be ing  considered and 
th e re fo re  enable iso to p e  e ffe c ts  on m o le c u la r p ro p e rtie s  to  be s tud ied . 
S ince the  v ib ra tio n a l w ave fu n c tio n s  are co rre c te d  th ro u g h  f i r s t - o r d e r  the  
co m p u te d  v ib ra tio n a l co rre c tio n s  to  ab in i t io  m o le c u la r p ro p e rtie s  in c lu d e  
the  e ffe c ts  o f  ha rm on ic  and anharm on ic  m o tio n s .
The in ve s tig a tio n s  show  th a t the  e le c tr ic  f ie ld  g ra d ie n t o f  the  170  
nuc leus  o f  the  w a te r m o lecu le  and the  n u c le a r sp in  d e n s ity  o f  the  e th y l 
ra d ic a l are s ig n if ic a n t ly  a ffe c te d  by s u b s t itu t io n  o f  hyd rogen by m uon ium . 
F o r exam ple  the  zz -com ponen t o f  the  e le c tr ic  f ie ld  g ra d ie n t o f  the  
oxygen  nucleus o f  the  m uonic is o to p ic  va ria n t, M u O H , o f  the  w a te r  
m o le cu le  is  2 % la rg e r than the  co rre sp o n d in g  p ro t iu m  value. S im ila r ly  
th e  m u o n -e le c tro n  hype rfine  co u p lin g  c o n s ta n t o f  the  e th y l ra d ica l is 
co m p u te d  to  be 15 % g re a te r than  th e  ana logous p ro to n -e le c tro n  co u p lin g  
co n s ta n t. These re s u lts  show  th a t th e  iso to p e  e f fe c t  observed in  
m o le c u la r p ro p e rtie s , on s u b s t itu t io n  o f  hyd rogen by m uon ium , is  the
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re s u lt  o f  th e  d iffe re n c e  in  the  v ib ra tio n a l energ ies o f  th e  d if fe re n t  
iso to p o m e rs . The iso to p e  e f fe c t  arises because each is o to p o m e r sam ples a 
d if fe re n t  reg ion  o f  th e  p ro p e rty  su rface  o f  in te re s t. Due to  i ts  h igh  
z e ro -p o in t v ib ra tio n a l energy the  m uon sam ples th e  la rg e s t re g io n  o f  the  
p ro p e rty  su rface  and th e re fo re  m uon ic  species show  th e  la rg e s t iso to p e  
e ffe c ts . The a c tu a l m agn itude  o f  the  is o to p e  e f fe c t  is  dependen t on the 
n a tu re  o f  th e  p ro p e r ty  su rface  ab o u t i ts  s ta t io n a ry  p o in t. These 
ca lc u la tio n s  a lso  show  th a t  fo r  the  p ro p e rtie s  cons ide red  in  th is  thes is , 
the  v ib ra tio n a l c o rre c tio n s  and th e re fo re  th e  iso to p e  e ffe c ts  are 
dom ina ted  by a ha rm on ic  c o n tr ib u t io n . The c o n tr ib u t io n  o f  anharm on ic  
v ib ra tio n a l m o tio n  to  the  iso to p e  e ffe c t  is fo u n d  to  be s ig n if ic a n t o n ly  
fo r  the  m uon ic  is o to p ic  va rian ts .
As d iscussed in  chap te rs  fo u r  and five  th e  th e o re t ic a lly  com pu ted , 
v ib ra t io n a lly  averaged, m o le c u la r p ro p e rtie s  are in  s u rp r is in g ly  good 
agreem ent w ith  e x p e r im e n ta lly  re p o rte d  re s u lts  co n s id e rin g  the  in h e re n t 
a p p ro x im a tio n s  in  th e  th e o re tic a l tre a tm e n t. T h is  in v e s tig a tio n  has c le a r ly  
show n th a t the  re s id u a l iso to p e  e ffe c t  observed in  se le c te d  m o le c u la r 
p ro p e rtie s  can be a t tr ib u te d  to  the  d iffe re n ce  in  the  v ib ra tio n a l m o tio n s  
o f  the  iso to p o m e rs  o f  in te re s t. A d d it io n a lly , the  th e o re tic a l s tu d y  o f  
v ib ra tio n a l c o rre c tio n s  re p o rte d  in  the  la te r  chap te rs  o f  th is  thes is  
p rov ide  some s u p p o rt fo r  the  in te rp re ta tio n  o f  the  e xp e rim e n ta l re s u lts  
re p o rte d  in  ch a p te r tw o .
T h e o re tica l in v e s tig a tio n s  o f  v ib ra tio n a l e ffe c ts  on m o le c u la r p ro p e rtie s , 
as show n here, are c le a r ly  im p o rta n t in  u n d e rs ta n d in g  th e  e ffe c ts  o f  
m uon ium  s u b s t itu t io n  on m o le cu la r p ro p e rtie s . C ox  and c o -w o rk e rs  [1 4 0 ]  
have p roposed th e  use o f  several d if fe re n t  q u a d ru p o la r n u c le i fo r  ALC  
s tud ies  o f  d iam agne tic  s ta tes . T h e o re tica l c a lc u la tio n s  com parab le  to
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tho se  repo rted  fo r the w ater m olecule could a s s is t in determ ining the
m o s t a p p ro p r ia te  n u c le i fo r  use in  these s tu d ie s  and aid in  the
in te rp re ta t io n  o f  any exp e rim e n ta l re s u lts . The v ib ra tio n a l averaging 
techn iqu e  c o u ld  a lso  be used to  in ve s tig a te  s m a ll ra d ica ls  and ions, such 
as H C O ’ and H C O + and th e ir  is o to p ic  va ria n ts , th a t  have been observed 
in  in te r s te l la r  c lo u d s . H ig h ly  accura te  c a lc u la tio n s  c o u ld  be p e rfo rm e d  on 
these  species and th e  re s u lts  com pared w ith  p rev ious  e xp e rim e n ta l and
th e o re t ic a l s tu d ie s  [141, 142, 143, 1443.
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The muon-electron yS-hyperfine coupling constant is reported for the 2-muoxyprop-2-yl 
radical formed by positive muon (ju+ ) implantation in propan-2-one and aqueous solutions 
of propan-2-one. Using the technique of muon spin rotation (jaSR) spectroscopy the coupling 
constant was measured over a fu ll temperature range in which the samples were in the liquid 
state. In all cases, the coupling constants were found to be small, and to show a positive 
temperature dependence. In the aqueous mixtures the presence of the water produces a slight 
lowering, at all temperatures, in the coupling constant w ith respect to the coupling in pure 
propan-2-one. An interpretation is given which relates the radical structure, to the barrier 
hindering internal rotation and to solvent interactions.
1. Introduction and experimental
Comprehensive studies of the m uonated radical formed in propan-2-one have 
been conducted already using the techniques of avoided level crossing and m uon 
spin rotation spectroscopy [1-5]. However in these studies the experimental 
m easurem ent of the muon-electron /Lhyperfine coupling constants was limited to 
a small tem perature range. Previously we have outlined the result obtained from 
measurements of the hyperfine couplings over the liquid range of propan-2-one 
and a sample consisting of propan-2-one and water in the volume ratio, 20 : 1 . [6], 
Here we report, in full, the results of these experiments, together with those for 
propan-2-one: water mixtures in the ratios of 100 :1, 40 :1, 15 :1 and 10 :1.
All experiments were perform ed at the Paul Scherrer Institute, Villigen, 
Switzerland using the ^iEl and jU.E4 beamlines. The reagents were degassed using 
the norm al freeze-pump-thaw procedure and sealed under vacuum in thin-walled 
spherical glass vessels. In each experiment a field of 0.2 T was applied transverse 
to the muon spin direction in the polarised beam. Consequently, the radical 
formed is characterised by a pair of lines in the Fourier transform  spectrum.
© J.C. Baltzer A.G. Scientific Publishing Company
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A fter subtraction of the diam agnetic signal the value of, | A  |, the isotropic 
m uon-electron hyperfine coupling constant was obtained for the radical. The 
theory for the analysis of juSR spectra of m uonium -substituted organic free 
radicals is well docum ented elsewhere [7].
The experim entally m easured coupling constants have been analysed, using a 
rotational averaging technique to give the barrier height to internal rotation, V2, 
of the 2-muoxy-prop-2-yl radical in each mixture. The barriers are the ro tational 
barriers, averaged over the librational m otion of the muon. As a result of the 
large mass difference of the m uon and the pro ton  it is possible to observe the 
difference in the rotational barrier of the 2-hydroxy and 2-muox.y p rop-2-yl 
radicals.
2. Results
The reduced m uon hyperfine coupling constants, A ' , defined as the coupling 
constant scaled by the ratio of the p ro ton ’s magnetic m om ent to the m uon’s 
m agnetic m om ent are listed in table 1 for the 2~muoxyprop-2-yl radical in the 
tem perature range from 319 K to 180 K. The results show an expected decrease 
in the couplings, from 9.38 M Hz at 319 K to 3.64 M H z at 180 K. The 
tem perature dependence of the coupling constants is nearly linear with only a 
slight deviation from linearity at low tem peratures. Listed in table 1 are the 
reduced hyperfine coupling constants for propan-2-one: water mixtures. The 
couplings for the 2 0 :1  m ixture are found to be slightly lower than those of pure 
propan-2-one, decreasing from 8.86 M H z at 323 K  to 2.91 M H z at 183 K. F or the 
2 0 :1  m ixture the hyperfine couplings are dependent on the water concentration 
in the solution as found by Hill et al. [1,2]. To elucidate the solvent dependence of
Table 1
The temperature, T / K, and solvent dependence o f the reduced muon-electron hyperfine coupling 
constant, A ' / M H z o f the 2-muoxyprop-2-yl radical in various H 20  mixtures
Propan-2-one solutions
Pure 100:1 40:1 20:1 15:1 10:1
T K T 4 T K T < T K T <
180 3.64 181 3.30 170 2.97 183 2.91 193 3.25 182 3.07
203 4.49 211 4.42 201 3.72 203 3.47 207 3.73 200 3.57
228 5.48 228 5.13 225 4.62 223 4.20 233 4.70 226 4.45
251 6.44 251 6.08 248 5.64 243 5.06 250 5.39 239 4.93
277 7.59 277 7.28 290 7.62 263 5.97 269 6.26 258 5.77
300 8.56 289 7.88 314 8.74 283 6.98 277 6.51 280 6.70
319 9.38 316 9.11 303 7.85 291 7.24 317 8.47
323 8.86 313 8.32
T  +0.1 K.
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Fig. 1. Temperature and solvent dependence o f the reduced hyperfine coupling constant, A ', o f the
2-muoxyprop-2-yl radical.
the coupling constants other mixtures were studied with propan-2-one and water 
in the volume ratios, 1 0 :1 , 15 :1 , 4 0 :1  and 100 :1 . The reduced hyperfine 
couplings of each of these mixtures are given in table 1. In each case the 
couplings followed the same tem perature dependence, deviating only slightly 
from  linearity at low tem peratures. At all tem peratures the observed couplings of 
the binary aqueous mixtures are smaller than those obtained in pure propan-2-one. 
However, closer inspection of the results shows that whereas near room tem pera­
ture the value of the coupling constant decreases with increasing water concentra­
tion, at around 220 K there appears to be a crossing of the results obtained from 
the 15 :1  and the 20 :1 solutions. This behaviour is observed to a greater extent in 
the 1 0 :1  solution. Fig. 1 shows the tem perature and solvent dependence of the 
hyperfine coupling of the 2-m uoxyprop-2-yl radical in the pure, 1 0 0 :1  and 2 0 :1  
solutions.
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3. Discussion
An EPR  study of the hydroxyprop-2-yl radical [8] provides a com parison 
between the proton /3-hyperfine coupling constants and the m uon coupling 
constants. The coupling constants of the hydroxy radical appear to follow the 
same trends as those of the muoxy prop-2-yl radical. The values of the proton 
coupling constants decrease as the tem perature is lowered and the addition of a 
polar solvent produces a lowering in the observed coupling constants. The 
couplings m easured by the EPR study are considerably smaller than those of the 
muoxy radical this is probably due to the large m om ent of inertia of the O-H 
group relative to the O-M u group. This results in a greater am plitude of libration 
for the muon.
The solvent interactions which affect the m easured /3-hyperfine coupling 
constants of the 2-hydroxy and 2-muoxy prop-2-yl radicals are probably of a 
similar nature. In each case the coupling constants will be influenced by spin 
delocalisation which follows from the resonance structure shown below. It is 
thought that the optim um  ab initio geometry of the 2-hydroxyprop-2-yl radical, 
in which the radical centre is somewhat pyram idal [6], is sim ilar to that of the 
2-muoxyprop-2-yl radical. The resonance structures show two of the possible 
structures that occur as a result of the librational m otion of the m uon. In polar
^ H (M u )  ^ ,H (M u )
Oi + 0
i i
c- <— ► p c K
C H 3 ' ' 'C H j c h 3 c h 3
(I) (II)
solvents, like water, resonance structure (II) could have a greater significance 
than in non-polar solvents. In this structure spin polarisation of the unpaired 
electron at the oxygen leads to a negative contribution of the spin density at the 
hydroxy proton(m uon) site. The lowering of the m uon coupling constant on 
addition of water is thought to result from  the increasing role of structure (II) 
through an increase in hydrogen bonding, over that of pure p ropan-2-one, in the 
solutions.
The further lowering of the coupling constants on increasing the concentration 
of water present in the solution is thought to reflect a further increase in 
hydrogen bonding within the mixtures. In studies of a binary m ixture of propan- 
2 -o n e : D20  in the volume ratio of 2 0 :1  we find the reduced hyperfine coupling 
constant to be 7.5 M Hz at 298 K. This value shows no significant difference from 
that of the coupling constant measured for the 20 :1 p ropan-2-one : water mixture
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at a similar tem perature. The correspondence between the coupling constants 
indicates that the increased contribution to the hydrogen bonding in the aqueous 
muoxy radical systems is through bonding by m uonium  to the oxygen of the 
water molecule.
3.1. IN T E R N A L  R O TA TIO N  STUDIES
The hydrogen bonding present in the solution is expected to hinder the internal 
ro tation of the O-M u group against the rest of the molecule [12], We develop this 
argum ent quantitatively by considering the barrier height, V2, to internal rotation, 
of the radical. V2 can be extracted from the tem perature dependence of the 
/1-hyperfine coupling constants, as described elsewhere. The procedure used 
involves the fitting of the experimentally m easured coupling constants to theoreti­
cal values using a quantum  mechanical averaging technique and has already been 
applied in a study of the internal rotation of m uonium  substituted ethyl iso- 
topom ers [9]. It is assumed that in this m ethod the m ajor contribution to the 
tem perature dependence of the coupling constants is the difference in the average 
torsional angle (y ) about the C-O internuclear axis. In general the dependence of 
the coupling constant upon the torsional angle can be expressed as.
where L  and M  are constants (M  »  L )  and #  is the dihedral angle between the 
axis of the half-filled 2pz orbital centred on C2 and the — M u axis. # 0 is the 
value of #  at the m inim um  of the potential barrier to internal rotation and 
therefore specifies the equilibrium conform ation of the radical.
F or the radicals discussed here it is assumed that the potential barrier h inder­
ing internal rotation is principally of a two fold nature and can be represented by 
the truncated Fourier series,
In addition it is assumed that the transitions between different torsional states is 
rapid on the time scale of the jaSR experiment. The observed splitting is therefore 
the average of the quantum  mechanical expectation values, { Ap{y)),-, for all the 
torsional states, /, weighted by their populations. If there is a Boltzmann 
population of the torsional energy levels, E t, then the tem perature dependence of 
the yS-hyperfine coupling constant obeys the relationship.
( A p ( y )) =  L  +  A /(cos2y ) , y =  ft +  # 0 ( i )
K (# )  =  |K 2( 1 - cos2 # ). (2)
E ( ^ ( v ) > , e x p  ( ~ E , / k T )
Als(T)  E  exp( ~ E , / k T )
(3)
W ith a basis comprising 21 functions, as
= 1 /(277)1/2E CW ex p (im ^ ), m = —10 , 10 
j  = l , 2 rnm„  +  l
(4)
m
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Table 2
Values for the parameters L /M H z  and M / M Hz, and V2/5  m o l-1 fo r the 2-muoxyprop-2-yl 
radical in  various H 20  mixtures
Solutions L M ^2
Pure -117 .0 315.3 3828.0
100:1 -105 .0 298.1 4572.1
40:1 -9 4 .9 283.7 5307.0
20:1 -7 6 .7 259.3 7037.0
15:1 -6 9 .6 262.9 8816.8
10:1 -7 0 .4 246.7 7554.9
The barrier height for the 2-muoxyprop-2-yl radical is ascertained by fitting the 
theoretically calculated coupling constants obtained from  eq (3) to the observed 
couplings through simultaneous variation of the three param eters L ,  M  and V2 in 
eqs. (1) and (2). The param eters L ,  M  and V2 for each m ixture are collated in 
table 2. Fig. 2 displays the values of, for the six lowest torsional levels
< /  MHz
5224.3
5214.5
7505.9
100
11682.7
11677.0
13637.0
'^'■'’O.O
50  - 23564.7
11495.4
1726.6
23564.0
11491.0
1720.9
13028.0
2908.4
0
0 2 4
4016.4
- 5 0  -
3315.0
3312.4
Com position/%  H zO V:V
Fig. 2. Values o f y ) ) /M H z  fo r the six lowest torsional eigenstates o f the 2-muoxyprop-2-yl 
radical in  pure propan-2-one and the 20:1 and 100:1 mixtures. The corresponding torsional 
eigenvalues, £ , / J m o l-1 , fo r each state are also shown.
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of pure propan-2-one and the 100:1  and 2 0 :1  mixtures. It is found that for all 
m ixtures studied only one level, that of / =  2 , yields a negative coupling constant. 
In  the tem perature range of the experiment only the lowest five torsional levels 
are significantly populated, as a consequence the contribution of the level, i = 2 , 
to the theoretical tem perature-dependence curve for all mixtures, shows a m ini­
m um  at around 150 K. The difference in the value of the coupling constant 
yielded by the torsional level, i =  2 , for each m ixture could explain the small 
deviation from linearity observed in the experimentally m easured couplings at 
tem peratures about 220 K. We see that the barrier increases from  4572 J m ol-1  in 
the 100 :1  propan-2-one: water m ixture up to 8816 J m ol-1  in the 15 :1  mixture. 
In  all cases, the value of the barrier exceeds that of 3828 J m ol-1  for the 
2-m uoxyprop-2-yl radical in pure propan-2-one.
The dependence of the barrier to internal ro tation of the radical on the water 
concentration in the m ixture is shown in fig. 3. Two results appear anom alous;
V2 /J  mol 1JL ' * ----
9 0 0 0
X
8 0 0 0
X
7 0 0 0  ■ X
6 0 0 0  •
5 0 0 0  -
X
X
4 0 0 0  •
X
i ... _1_______ —4-------------------4------------------- 1--------------1---
0 2 4 6 8 10
Composition /  X H zO V:V
Fig. 3. Dependence o f the barrier height, V2, to internal rotation of the 2-muoxyprop-2-yl radical on
the composition of the mixture.
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the expected trend is that the torsional barrier should increase in value as the 
water concentration is raised as a consequence of greater hydrogen bonding in the 
solutions. The barrier of the of the 15 :1 m ixture is actually about 1000 J m o l-1 
higher than that of the 1 0 :1  mixture. This anom aly is no t apparen t in fig. 4 
which shows the dependence of the param eters L  and M  on the w ater concentra­
tion. A t present we are unable to provide any explanation as to the nature of this 
anom aly, although it could result from the experim ental data  reported for the 
pure, 2 0 :1  and 1 5 :1  solutions being collected during a different beam  period to 
that of the 100 :1, 40 :1 and 10 :1 mixtures.
The EPR  study of the 2-hydroxyprop-2-yl radical by Lehni [8] allows a barrier 
height to be determ ined for this radical. Using the /Tproton hyperfine couplings 
the barrier to internal ro tation of the hydroxy radical in a dilute solution of 
butan-2-ol was calculated as 10467 J m ol-1 , with L  =  —7.89 M H z and M  =  56.40 
respectively. The study reports splitting param eters for the radical in several 
different solvents and in each case the barrier from the couplings is higher than 
that of the 2-muoxyprop-2-yl radical and the values of the fitting param eters L  
and M  are similar to those reported. The errors on the param eters L  and M  are
Composition /  % H 20  A :V
Fig. 4. Solvent dependence of the parameters L: v  and M : A.
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at present unknown. The difference in the torsional barriers of of the 2-muoxy 
and 2-hydroxy prop-2-yl radicals can be explained from consideration of an- 
cilliary m otions in the radical.
The high tem perature limit of the /3-hyperfine coupling constant, given by 
L  + M / 2 ,  is 40.65 M Hz for the 2-muoxyprop-2-yl radical in pure propan-2-one 
and 20.31 M H z for the 2-hydroxyprop-2-yl radical. The ethyl radical and its 
m uonic isotopom ers have similar high tem perature limits, of about 75 M H z [10]. 
F or the prop-2-yl radical the large difference in the high tem perature limits could 
be a result of a greater difference in the reduced m om ent of inertia to that of the 
ethyl isotopomers. The result may also indicate that it is insufficient to consider 
only torsional m otion for these radicals.
The barrier height to internal rotation of the 2-muoxy and 2-hydroxy prop-2-yl 
radicals have been distinguished by the assumption of a simple model to 
represent the solvent system. This model neglects the possibility that the bonding 
that occurs in the system could affect the moment of inertia of the rotating group, 
and that the addition of a small volume of water to a solution of propan-2-one 
produces a homogeneous mixture. A more complete study will have also to 
consider the effect of the internal rotation on the hydrogen and interm olecular 
bonds formed during the timescale of the experiment.
Nevertheless, we believe that given the complex nature of the solvent system, 
the model used provides a first step in the study of solvent effects on the barriers 
to internal ro tation in m uonic radicals.
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The purpose of this note is to examine the conditions under which muon level crossing 
resonance w ith  quadrupolar nuclei may be used to characterise the elusive diamagnetic 
fraction which is formed when positive muons are stopped in various media and associate 
chemically w ith  the host molecules. A  potential d ifficu lty  is identified fo r nuclei having 
integral spin, which may explain why cross polarisation to 14 N  has not yet been detected. The 
general suitability o f nuclei w ith half-integral spin ( / ^  3 /2 ) is illustrated w ith  the case of 
170 , and suggestions are made for future studies w ith  other nuclei, including species such as 
molecular ions and defect complexes (m uon-im purity pairs).
A lthough some proportion of muons invariably adopts diam agnetic states 
when im planted in m olecular materials, there is rarely any signature in the m uon 
spin ro tation  spectrum  which identifies the chemical species formed. Precession 
signals are obtained at frequencies which are generally indistinguishable from the 
Larm or frequency corresponding to the applied field; chemical shifts (used 
routinely in proton N M R  as a signature of the p ro to n ’s chemical environm ent) 
are expected to be resolved only in very high magnetic fields and have only been 
measured in a few instances. This situation contrasts m arkedly with that perta in ­
ing to param agnetic species, e.g. muonic radicals and defect centres, where the 
hyperfine frequencies in the p S R  spectra serve to identify the species formed.
The purpose of this note is to examine under what circum stances Level 
Crossing Resonance [1] may be observed in m olecular m aterials and used to 
identify the elusive diam agnetic fraction. The first requirem ent is that the muon 
should adopt a position in the product molecule or molecular species which is in 
close proxim ity to a quadrupolar nucleus. It is the quadrupolar splitting which 
provides an energy level scheme perm itting cross polarization to the m uon in 
non-zero fields, and the magnetic dipole interaction between the m uon and the 
nucleus in question which effects the cross polarization rate, ju st as in the first 
dem onstration of LC R  in metallic copper [2], Unlike the situation in para-
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m agnetic species, where the unpaired  electron spin can m ediate the polarization 
transfer from  the m uon to quite d istan t nuclei, the r ~ 3 dependence of the 
magnetic dipole in teraction implies that cross relaxation can only be detected, on 
the timescale of the m uon lifetime, betw een the m uon and its nearest neighbour 
nuclei; this will usually m ean that the m uonium  is chem ically bound  or hydrogen 
bonded to the atom  concerned.
The question is illustrated by m uon addition  or m uonium  substitu tion  in 
molecules containing nitrogen and oxygen; this is expected to  occur as in  eqs. (1) 
and (2), the m uon behaving in its capacity as a lightweight p ro ton . T he examples 
of nitrogen in amines and oxygen in w ater are used; p ro ton  exchange betw een the 
ionic species form ed initially and the surrounding host m olecule is expected to be 
rapid, providing a route to the substitu tion  of hydrogen by m uonium . Process (2) 
is discussed in a com panion paper [3],
N H R 2 N H R 2M u + -h> N M u R 2 (1)
H 20  -> H 2OM u + ^  H M uO . (2)
Process (1) involves the 99.6% abundan t isotope 14N, so that com pounds 
containing nitrogen appear to be obvious candidates for a dem onstration  experi­
m ent. Its spin of I  — 1 provides a poten tial problem , however, w hich is illustrated  
in fig. 1. H ere the 14 N  frequencies are draw n as a function of the m agnetic field 
B , with the zero-field case on the left and the high-field case on the right of the 
diagram ; the asym m etry param eter 7} has been arb itrarily  fixed as 0.1 and  B  is 
taken parallel to the x principal axis of the electric field grad ien t [4]. All 
degeneracy is lifted, even in zero field. In  consequence, all three frequencies and 
the corresponding energy levels have horizontal tangents at the origin, that is, the 
m agnetic m om ent of the 14N  nucleus is effectively quenched. C alculation shows 
[5] that the m agnetic m om ent, and therefore the cross-polarization rate, are 
reduced in first order by a factor Z / ( l  +  Z 2)1/2, in  which Z  =  y^hB /Kr] ,  y•
v
B
Fig. 1. Variation o f spin-1 quadrupole resonance frequencies v w ith  the magnitude o f the magnetic 
field B  applied parallel to the x principal axis o f the electric field gradient at the nucleus.
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being the m uon gyrom agnetic ratio  and  K =  \ { e 2qQ),  ( e 2q Q / h )  being the 
quadrupole coupling constant. This effect reduces the resonance in tensity  consid­
erably, especially in the low fields at which signals are expected to occur. In 
principle, the problem  should be overcom e by choosing a species w ith axial 
sym m etry at the nitrogen atom  (i.e. w ith asym m etry param eter r) =  0), such as 
tertiary  amines R 3N , for which p ro ton  exchange is unlikely, so that the ionic 
species is stabilized, as in eq. (3).
R 3N  R 3N M u +. (3)
However, no resonance has been detected in prelim inary experim ents on frozen 
triethylam ine [6]. E ither the constraints of the solid phase d istort the expected 
trigonal sym m etry of the m uonic ion or the m uon has produced  near tetrahedral 
sym m etry in the charge d istribu tion  at the nitrogen atom , so th a t the resonance is 
at very low field and is buried  in the initial steep section of the repolarization 
curve. In order to investigate this problem , as well as to m odel the expected 
isotope effect between the m uonated  and p ro tonated  forms, a system atic ab initio 
SCF M O study of the dependence upon the N -H  bond  length and  the asym m etry 
param eter, 17, of the nuclear quadrupole coupling constan t (QCC) in am ines has 
been perform ed. The species studied was the positively charged am m onium  ion. 
All calculations were perform ed on the U niversity of G lasgow M icroV AX 3600, 
using the GAM ESS m olecular orbital program  [7]. The basis set used was 
D unning’s sp set [8] for nitrogen, using the contraction  (11, 6) [5,3] and  for
hydrogen a (5) -> [3] contraction [9]. These functions were found to be adequate 
for the calculation of the electric field gradients (E FG ) and the QCC of am m onia.
The effect of m uon addition  in frozen am m onia was studied by lengthening 
one of the N -H  bonds with respect to the optim ised am m onium  ion geom etry, the 
bond length being isotope dependent as a result of the difference in zero-point 
energies of the N -H  and N -M u bonds. The first series of calculations was 
perform ed under the constra in t that the species form ed re ta ined  axial symmetry. 
A system atic increase in the N -H  bond length was found to result in an increase 
in the z-com ponent of the electric field gradient. The quadrupole coupling 
constan t was found to increase in consequence from  0.05 M H z for a 0.02 A 
increase in bond length up to 0.313 M H z for a 0.14 A increase in the N -H  bond 
length. These results indicate that the species form ed on m uon add ition  would 
have a significantly non-zero QCC (com pared w ith the analogous p ro to n  species 
for which the QCC vanishes by symmetry). The exact value of the N -M u bond 
length is unknown. From  these results the level crossing resonance for an  axially 
sym m etric species would be expected to occur in the 0.4 to 2.5 m T region. An 
increase in bond length between C-H and C-M u is likewise in p art responsible for 
the hyperfine isotope effect in organic radicals [10,11]. In this case an extension 
of about 5% (0.06 A) is estim ated [12]. By variation of a single H N H  bond  angle, 
the calculations were repeated for a non axially sym m etric ion. It was found that 
small deviations from  the equilibrium  bond angle have no significant effect on
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the E F G  or QCC, the values being sim ilar to those reported  above. However, as 
m entioned above, the in troduction of an asym m etry param eter lifts all degener­
acy of the quadrupole energy levels and m akes observation of the level crossing 
resonance unlikely.
The problem  is overcome if the m uon is adjacent to a quadrupo la r nucleus 
with half-integral spin. The energy levels are then K ram ers doublets in zero-field, 
so that the full m agnetic dipole m om ent is available to drive the resonance. This 
consideration led to the choice of lvO ( / =  5 /2 )  for the first successful dem on­
stration in ice-/h at 200 K [13], in which the m uonium  is directly bonded  or 
“ hydrogen” -bonded to a quadrupolar nucleus; a disadvantage is th a t a consider­
able degree of 170  enrichm ent is required.
The inform ation that can be obtained from 170  juLC studies is likely to be 
considerable; for example, in ice [3], a species tentatively identified  as 
[H 20 . . . M u . . O H 2} + is form ed at 50 K, w ith an 170  quadrupole coupling 
constant of 8.24 M H z and asym m etry param eter of 0.55, the first tim e these 
quantities have been m easured in this ion. A t higher tem peratures, the ionic 
precursor loses a p ro ton  to give the H M uO  molecule, w ith a quadrupole coupling 
constant of 6.1 M H z assum ing an asym m etry param eter of unity  (at 200 K). This 
is the first example of a m uonium  isotope effect on a quadrupo le coupling 
constant; in norm al ice 7h at 77 K, the lvO quadrupole param eters are +6 .410  
M H z (rj =  0.93), in ice-d2 at 260 K 6.66 M H z (r/ =  0.94), so the shift in the 170  
quadrupole coupling constant is in the opposite direction to that of deuteration , 
as expected. Following detection of a juLC resonance with 170  [13], the technique 
has been em ployed to investigate the site adopted  by the m uon p robe in 
Y B a2C u 3Ox, enriched in n O for the purpose [14]; the signals detected indicate a 
quadrupole coupling constan t of 6.6 M H z and near zero asym m etry param eter 
and alm ost certainly represent the 170 -M u ” ion - com pare the 170  quadrupole 
param eters in L iO H  • H 20  of 6.69 M Hz, 77 =  0.03.
There are, however, a considerable num ber of o ther quad rupo lar nuclei of 
half-integral spin which form  hydrides or hydrido com plexes in which cross­
polarization m ay be fast enough to m ake level-crossing experim ents feasible; 
am ong these, we m ention the G roup III nuclei n B (3 /2 , 81.2%), 27A1 (5 /2 ) , the 
halogen nuclei 35C1 (3 /2 , 75.8%), 79Br (3 /2 , 50.7%), l27I (5 /2 ) , and transition  
metal nuclei such as 5 M n (5 /2 ) , 57Co (7 /2 ) , lalT a (7 /2 ) , l93Ir (3 /2 , 61.5%). A 
possible disadvantage is the size of their quadrupole in teractions which in some 
cases will require the use of higher m agnetic fields and lead to b road  absorptions 
[15]. The problem  is alleviated by the large gyrom agnetic ra tio  of the m uon, three 
times that of the proton; on past experience, it should be possible to detect 
level-crossing from  quadrupole frequencies as high as 30 M Hz, in w hich case it 
will alm ost certainly be necessary to fit calculated lineshapes in order to derive 
the quadrupole param eters.
A pplications in m etals are already well advanced [16] although the possibility 
of studying m uon-im purity  pairs does no t yet seem to have been exploited. In
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sem iconductors, a tten tion  has focussed on the param agnetic defect centres [17] 
b u t [xLCR may also be able to report on the elusive diam agnetic fraction. The 
G roup III elem ents are particularly  interesting in  their capacity as substitu tional 
defects (acceptors) in silicon or germ anium . It is believed that these electrically 
active im purities m ay be passivated by in terstitia l hydrogen, via form ation  of a 
diam agnetic com plex in which the p ro ton  adopts a bond-centre location im ­
m ediately adjacent to the acceptor ion. L C R  experim ents on the analogous 
complexes with a m uon playing this role offer the prospect of confirm ing the 
m odel and studying this im portan t process further [18].
In m olecular crystals, there is the possibility of generating chem ically in terest­
ing species which are inaccessible to o ther spectroscopic techniques because of 
their transient existence. Solid halogens m ay give rise to the ion X 2M u +, for
35 79 127examples (X =  Cl, Br, or I); the species N 2M u + has already been identified 
in solid nitrogen [19] and has the axial sym m etry necessary to m ake it a good 
candidate for study by LCR. The halogen hydrides m ay give rise to X H M u \  
which so far has only been detected in the gas phase [20].
Unlike double resonance or E N D O R  m ethods, m uon im planta tion  should 
produce LC R  signals only from  those nuclei im m ediately adjacent to the muon 
site, but the m ethod is still of wide potential, and m ore prom ising in identifying 
trapping sites than m easurem ents of the d ipolar in teraction from  the m uon 
relaxation rate. The key question is the size of the cross-polarization rate, which 
in turn is connected with the m agnitude of the m uon dipolar coupling to the 
adjacent quadrupolar nucleus. There is already evidence that this is large enough 
in the osmium cluster in C s2(O s10C (C O )10} in which the (G aussian) line w idth of 
0.07 jLts 1 at 100 K has been ascribed to d ipolar coupling to 189Os (7  =  3 /2 , 
16.1%) [21], A nother cluster surely worthy of study is the tetrahedral A s4 species 
in non-m etallic arsenic, offering the intriguing possibility of trapping  a m uon at 
the centre of the tetrahedron (75As, 7 =  3 /2 ). A lthough there m ay still be 
uncertainties in the precise identification of the m uon trapping site, assignm ents 
should be considerably assisted by ab initio theoretical calculations of the electric 
field gradient at the quadrupolar nucleus for various plausible locations of the 
im planted m uon [22]. Techniques of dynam ical averaging of one-electron m olecu­
lar properties, already under developm ent for the in terpretation  of hyperfine 
isotope effects [11], should apply equally to quadrupole isotope effects in d iam ag­
netic species.
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Vibrationally Averaged /MHyperfine Coupling Constants for the 
Muonium-substituted Ethyl Radical
David Buttar and Brian C. W ebster*
Chemistry Department, The University, Glasgow G12 8QQ, UK
A variation-perturbation approach is applied to compute isotope-dependent zero-point vibrational corrections to 
the /^-hyperfine coupling constant of the ethyl radical. The corrections increase the coupling by ca. 5, 7 and 23% 
for the deuterium-, protium- and muonium-substituted radicals, respectively. The large vibrational correction to 
the muon ^-hyperfine coupling constant could explain the ‘ residual ’ isotope effect observed experimentally.
Experimental studies of the m uonium (Mu)-substituted ethyl 
radical using the methods of transverse-field muon spin ro ta­
tion (y/SR) spectroscopy and level-crossing resonance spec­
troscopy have shown that the /7-hyperfine coupling is 
strongly isotope dependent.1,2 M uonium  is a one-electron 
atom having ca. one-ninth the mass o f hydrogen and is formed 
by the combination of a positive muon (y/ + ) and an electron. 
A direct comparison of the muon-electron /Thyperfine coup­
ling constants (Au) and the analogous proton coupling con­
stants (Ap) can be made by considering the reduced hyperfine 
coupling constant (A'). A  ^ is defined as the observed muonic 
coupling constant scaled by the ratio o f the muon and proton 
magnetic moments, =  0.3141. For all ^-substituted
muonium  radicals A' is larger than Ap. This isotope effect 
has been interpreted to some extent by considering the con­
form ational preference o f isotopomers arising from the 
isotope dependent barriers to internal ro ta tion.3 V ibrational 
corrections to the hyperfine coupling constants should assist 
in the elucidation of the observed isotope effect on the coup­
ling constants and the barrier to internal ro tation of the 
radical.
A comparison of ab initio and experimental hyperfine 
coupling constants is restricted by the averaging over the 
populated vibrational states of the experimental results. 
However, recent calculations have shown that a good com­
parison can be achieved if  the ab initio results are corrected 
for v ibrational and correlation effects.4 The in troduction of 
vibrational effects also enables the effects of isotopic substi­
tu tion on the hyperfine coupling constants to be studied. A 
comprehensive investigation by Raynes et al. on methane and 
its isotopomers has already shown the importance o f includ­
ing vibrational effects in the calculation of magnetic suscep­
tib ilities and N M R  coupling constants.5,6 Here we employ a 
v ibrational averaging technique to calculate the v ibrationally 
corrected /Thyperfine coupling constants o f the ethyl radical 
and its isotopomers.
The isotopically substituted ethyl radical, as shown in Fig. 
1, has the C — X bond eclipsing the singly occupied notional 
2p, orb ita l centred on the methylenic carbon. The vibrational 
m otion of nucleus X can be described in terms o f the varia­
tion o f the internal coordinates R, and 02 illustrated in 
Fig. 1; where R is the C —X bond length, ()l is the XCC bond 
angle and 02 is the XC C H a torsion angle. The equilibrium  
geometry of the protium  and muonium substituted radicals is
Fig. 1 Internal coordinates R , 0 l and 02 of the isotopically substi­
tuted ethyl radical
that o f Fig. 1; however, the equilibrium  conformation of the 
deuterium substituted radical has D  in the nodal plane o f the 
2p, orbital. Here we are principally concerned w ith com put­
ing the /Thyperfine coupling constant o f the m uonium- 
substituted radical, the deuterated and protonated radicals 
(X =  D, H) have also been considered to show the isotope 
effect on computed hyperfine couplings. For X =  M u  or D 
the mass difference between the isotope and the remaining 
protons effectively decouples the v ibrational m otion of the 
C— X group from the rest o f the radical as reported pre­
viously. V ibrational averaging7" 9 for X =  M u  or D can 
therefore be achieved using only three of the normal modes of 
vibration o f the radical. The three normal modes can be 
described as the C—X bond stretching mode (vj), the XCC 
angle bending mode (v2) and the X C C H a torsional rotation 
mode (v3). These normal modes can be expressed in terms of 
the internal coordinates R, 0X and 02 • A lthough the pro to­
nated (X =  H) form of the radical can not be treated by 
simply considering these modes, the results obtained for 
C2H'5 are given for comparison w ith the muonium and deute­
rium  calculations. When X =  H, coupling w ith the remaining 
normal modes must be considered, unlike the situation where 
the C —X normal modes are decoupled from the rest o f the 
radical by muonium or deuterium substitution.
A study of the v ibrational corrections to the /Thyperfine 
couplings of the ethyl radical by Claxton et al.8 lim ited its 
approach to averaging over each o f the three normal modes 
describing the vibrational m otion o f the C —X group separa­
tely. Chipm an10 has also calculated vibrational corrections to 
the hyperfine couplings by a systematic examination of the 
dependence of the couplings on the out-of-plane bending at 
the methylenic carbon, on the torsional m otion around the 
C—C bond and the coupling between them. The vibrational 
corrections reported here are computed using complete 
vibrational averaging over the three normal modes vl5 v2 and 
v3 and therefore include the effects o f coupling between the 
normal modes.
Computational Details
A successful study of the vibrational corrections to the dipole 
moment and the quadrupole coupling constant o f iso­
topomers of water has already been completed.11 The same 
approach is applied to the ethyl radical; however, it is lim ited 
to the consideration o f only three normal modes as described 
previously. A surface scan of 252 points around the station­
ary point geometry has been performed at the SCF level 
using the GAMESS molecular orb ita l package.12 A ll calcu­
lations were carried out at the 6-31G* level.13 Correlation 
effects have been neglected in the energy and property sur­
faces computed as a recent study has shown that the corre­
lation corrections are effectively constant over the region of
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the surface spanned by the v ibrational m otion.4 The neglect 
of correlation effects w ill therefore not affect the trends 
observed in the computed isotope vibrational corrections but 
w ill considerably reduce the time required to compute the 
necessary property and energy surfaces.
The energy and property surfaces of the radical were bu ilt 
up by varying the three internal coordinates R, 0X and d2 
from their equilibrium  values Re, 9\ and 02 over the ranges 
± 8  pm, ±10° and +10°, respectively. The points obtained 
from the variation of R, 91 and 02 w ill therefore provide a 
surface describing the v ibrational m otion of the C— X group 
of the radical. The computer program SUR VIB developed by 
Harding and E rm le r14 has been used to perform a least- 
squares lit  to the surfaces and to compute the vibrational cor­
rections to the energy and the /Thyperfine coupling constant. 
The internal-coordinate functions obtained from the fitting  
procedure consists o f a S im ons-P arr-F in lan15 expansion in 
terms of the bond length and a Taylor series expansion in 
terms of the bond angle and dihedral angle. The computed 
property function can be expressed in the form
P =  P0 +  £ * ,5 , -  +  ^ £  K u SiSj
i — 1 Z i, j= 1
+ £  K iJk Sj SjSk (1)
j. k = i
where Sx, S2 and S3 are to be identified w ith  the bond dis­
placement A R =  R — Re, and angle displacements A 0X =  91 
— 0* and A02 =  02 — 0 | , respectively. The term P0 is the 
value o f the property at the equilibrium  geometry o f the 
radical and K t , K tj and K iJk are the expansion constants 
derived from the fitting  procedure. The computed energy 
function reproduces the calculated energies w ith a maximum 
error o f 7.9 x 10“ 6 a.u. and a root-mean-square error of 
2.7 x 10“ 6 a.u. The analytic energy function is used in a stan­
dard normal mode analysis which enables the transformation 
m atrix to normal coordinates to be computed. The property 
and energy expansions are re-expanded as Taylor series func­
tions of the normal coordinates. These expressions are then 
used in a standard perturbation theory analysis o f the vibra­
tional corrections.
The perturbation approach has been fu lly described 
previously by Kern and M atcha16 and Ermler and co­
workers,17 19 therefore only a brief description is outlined 
here. The cubic expansion coefficients obtained from the 
analytic normal coordinate energy function,
3 3
P =  PO + Z ai0i+ Z  Pij9i<lj
; = i  i , j =  l
3
+ Z  y  i j k Q i 9 j 9 k  (2)
i,j,k= 1
where P0 =  E0 is the value of the energy at the m inim um - 
energy conformation and a, fi and y are expansion coeffi­
cients, enable first-order corrections to the harmonic 
v ibrational wavefunctions to be calculated. The vibrational 
wavefunction x used in this analysis is defined as
x =  x ° +  x 1 (3)
Here x° is the zero-order solution which is a product o f har­
monic oscillator wavefunctions and x 1 is the first-order cor­
rection expanded in terms of the zero-order solutions. 
V ibrationally averaged properties can therefore be computed 
by substitution of the normal-coordinate expansions o f the 
form of eqn. (2) in to eqn. (4).
This procedure leads to a final expression for the vibra­
tionally averaged property <P>„,
<P>„ = C +  £  A f a  + 1/2) + £b,,<vi. + 1/2XV; + 1/2) (5)
>=1 i< j
where C, A and B are expansion coefficients derived from  the 
quadratic and cubic coefficients o f eqn. (2). E xplic it expres­
sions for the expansion coefficients are given by K rohn  et 
al.18 The vibrational corrections to the computed properties 
can therefore be defined as the difference between the vib ra­
tionally averaged property <P>„ and the value of the pro­
perty at the stationary point o f the property function P0 . The 
v ibrational corrections obtained from this method w ill reflect 
both the harmonic and anharmonic nature of the vibrational 
motion.
Results and Discussion
For C 2H'5 the energy and property surfaces were fitted to a 
fourth-order internal-coordinate expansion. A lthough the 
fourth order terms are not required for the calculation o f the 
v ibrational corrections, they are included as we find that they 
result in reduced errors in the th ird  order terms. The station­
ary po int energy of the radical was —78.597 15 E h w ith the 
internal coordinates having the values Re =  109.068 pm, 
9\ =  111.751° and 02 =  81.828°. Table 1 lists the internal- 
coordinate displacement expansion parameters for the energy 
function of the form  of eqn. (1). The harmonic frequencies, 
obtained by a normal-mode analysis using this energy func­
tion are listed in Table 2 for some isotopomers. The expecta­
tion values of the root-mean-square amplitudes and the bond 
angle displacements over the vibrational wavefunctions are 
given in Table 3. The size of the quantities in Table 3 gives an 
estimate of the magnitude o f the harmonic and anharmonic 
m otion o f the three isotopes when substituted at position X 
in Fig. 1.
As expected, the zero-point energy is significantly higher 
for the muonic species. We could therefore predict that the 
vibrational corrections to the muonic isotopomers w ill be
Table 1 Calculated quadratic and cubic expansion constants (au) of 
the analytic internal displacement coordinate energy function
quadratic expansion constants cubic expansion constants
* , . 0.7577 * , . » -0.01043
* 2 2 0.1247 *  222 -0.00675
* 3 3 0.0978 * 3 3 3 0.00072
* 1 2 -0.01316 * 1 . 2 -0.00139
* 1 3 0.000029 * 1 2 2 -0.04011
* 2 3 -0.000051 * 1 1 3 -0.00003
* 2 2 3 -0.00130
* 1 3 3 -0.03900
* 2 3 3 -0.02720
* 1 2 3 -0.00026
Table 2 Calculated harmonic freq 
energies (£zp)/cm“ 1
uencies (v)/cm 1 and zero-point
C - H C - M u C - D
vi 3187.32 9136.32 2344.08
V2 1895.18 3819.56 1699.35
V3 1359.22 3725.59 1036.83
3220.86 8340.73 2540.13
<P>„ = <x|P|x> (4)
The subscripts 1, 2 and 3 refer to the bond stretch (v,), angle bend 
(v2) and dihedral motion (v3).
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Table 3 Expectation values of internal displacement coordinates <AR> (pm) and <0> (degrees)
bond <AR> <A0,> <A02> <AR2>1/2 <A02>1/2 <A02>1/2
C - H 1.45 0.077 -0.072 7.54 6.40 8.50
C - M u 4.70 0.251 -0.030 12.78 10.58 12.08
C - D 0.73 0.056 -0.092 6.46 5.60 8.05
larger than the corresponding proton or deuterium correc­
tions. This is found to be the case for the average bond 
length, C— X, which is 109.80, 110.52 and 113.77 pm for 
X  =  D, H and M u, respectively. S im ilarly the results in Table 
3 show that m uonium substitution increases the XCC bond 
angle and the X C C H a dihedral angle of the ethyl radical. 
These results fo llow  the same trends as those found for 
muonium-substituted water.
Table 4 lists the expansion coefficients o f the analytic 
expression obtained from fitting  the computed spin density 
surface about nucleus X. The vibrational corrections to the 
energy and to the spin density (ps) at nucleus X  are given in 
Table 5. The corrections to the /?-hyperfine coupling constant 
o f each isotopomer are calculated from the spin density using 
the relationship,
, 8  n 
x =  3hSeM (6)
where ge and gN are the elctron and nuclear g factors, respec­
tively, is the Bohr magneton and is the nuclear magne­
ton. Since spin density is often calculated in atomic units we 
can write Ax expressed in atomic units by,
A x  =  z —  9 e  0 n  I p s 3mr
(7)
where a is the fine structure constant and mx is the nuclear 
mass. The velocity o f light in atomic units is specified as a -1 
and has a value of 137 a.u. Note that if  the spin density alone 
is reported in a.u. then A J M H z  =  14229.0 |/>s|, sim ilarly the 
conversion factors for deuterium and pro tium  are 1372.26 and 
4469.879, respectively. The corrections to the /(-hyperfine 
coupling constants o f each isotopomer have been calculated
Table 4 Computed expansion coefficients (au) of the internal dis­
placement coordinate analytic function describing the spin density at 
nucleus X
x , 0.05686 X ,u 0.06602
x 2 0.00995 X 222 0.04090
x 3 -0.000004 X 333 0.00093
x u 0.20910 X 112 0.03183
x 22 -0.00762 X i 22 0.01377
x 33 0.01038 X 113 -0.01350
X 12 0.02472 X 223 0.00002
X 13 0.00128 X 133 0.0585
X 23 0.00008 X 233 -0.0107
X 123 -0.0007
Table 5 Zero-point vibrational corrections to the energy (£) and
spin density (ps)
vibrational correction/au
property T V C - H C - M u C - D
E 78.59715 0.0145 -0.0368 -0.0116
Ps 0.03022 0.002 (5) 0.007 (5) 0.0015 (4)
“ P 0 denotes the value of the property at the stationary point of the 
potential analytic function. The error limits given in parentheses are 
three times the standard deviations.14
from the spin densities and are given in  Table 6. These vibra­
tional corrections are decomposed in to  harmonic and anhar- 
monic contributions and the coupling constants o f M u and D 
are reported in their reduced form to facilitate comparisons.
In  Table 6 the quantity C is a constant, independent o f the 
v ibrational state, which arises from the inclusion of anhar- 
m onicity in the v ibrational analysis. For all cases the anhar- 
monic corrections reinforce the dominant harmonic 
corrections and result in an increased value o f the coupling. 
The coupling increases from 142.172 M H z for the C— D  
species to 166.097 M H z for the C— M u species. Table 6 
shows that the harmonic and anharmonic terms are isotope 
dependent. In  the Born-Oppenheimer approxim ation all the 
isotopomers have the same equilibrium  bond length and 
bond angles. The calculated isotope effects must therefore 
arise from the different nuclei sampling different regions of 
the spin density surface. Table 7 lists the normal-coordinate 
expansion coefficients for the spin density functions of the 
isotopomers C — D, C — H and C — M u. As a consequence of 
the normal coordinates being mass dependent the expansion 
coordinates are clearly isotope dependent. The values of the 
coefficients in Table 7 can therefore be seen to account for the 
difference in spin density o f the three isotopomers considered.
Table 6 Harmonic and anharmonic corrections to the /?-hyperfine 
coupling constant (A /MHz)
A p 4 Ad
Po 135.079 135.079 135.079
C 0.0616 -0.0073 0.0039
harmonic 8.743 24.504 6.539
anharmonic 0.831 6.521 0.550
total 144.715 166.097 142.172
Table 7 Normal-coordinate expansion coefficients ( x 104) for the 
spin density function of the isotopomers C—X(X =  D, H, Mu) (au)
coefficient ( x 104
isotopomer
a,
a.
P23
033
Tiii
b n
T 11 3
y 122
7 1 2 3  
7 l  33
7 2 2 2
7 2 2 3  
7 2 3 3  
7 3 3 3
C - D C - H C - M u
4.79269 6.60684 19.1578
-0.34385 -0.27199 -0.99184
-1.09422 -1.37124 3.47644
0.11122 0.20876 1.73556
-0.00924 -0.01033 -0.07494
-0.02090 -0.03170 -0.19523
0.03737 0.05477 0.40598
-0.00396 -0.00694 -0.09805
0.01301 0.02617 0.24970
0.00194 0.00490 0.11551
0.00015 0.00033 0.00590
-0.00009 - 0.00011 -0.00135
0.00162 0.00310 0.06170
- 0.00010 -0.00017 -0.00294
0.00078 0.00221 0.05816
- 0.00012 - 0.00012 -0.00177
0.00012 0.00011 -0.00553
-0.00023 -0.00044 -0.01458
-0.00043 -0.00096 -0.01825
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The results also show that the dom inant terms in describing 
the spin density at nucleus X are the coefficients o f the 
normal coordinate describing the C —X bond-stretching 
m otion. For example the value for the expansion constant otj 
is 0.000479, 0.000661 and 0.001916 for C - D ,  C — H and 
C— M u, respectively.
Fig. 2 and 3 show the variation o f the energy and the spin 
density o f the ethyl radical w ith internal coordinates R and 
01. The figures clearly show that for displacements equivalent 
to those reported in Table 3 the region of the surface sampled 
by each isotope w ill be markedly different. Fig. 2 shows that 
due to the muon’s large root-mean-square displacement it is 
averaged over a region of the surface where there is a large 
variation in the spin density. The large harmonic correction 
to the coupling constant o f the muon can be attributed to 
this variation of the spin density w ith in  the lim its o f the 
muon’s zero-point motion. The other isotopes experience less 
of an effect due to their smaller zero-point energies. Table 6 
indicates that the anharmonic contribu tion to the vibrational 
correction is only significant for the light isotope muonium. 
For the pro tium - and deuterium-substituted species the
78.596
14 "-10
Fig. 2 Variation of the energy with internal displacement coordi­
nates AR and A0j
0 .0 2 8 -
14 ~ 10
Fig. 3 Variation of the spin density with internal displacement 
coordinates AR and AOj
anharmonic correction is almost negligible. In  contrast the 
v ibrational corrections to the /?-hyperfine coupling constant 
leads to a residual isotope effect o f ca. 15% for the muon over 
the proton.
The computed theoretical results enable an estimate o f the 
high-temperature lim it (A) o f the /?-hyperfine couplings o f the 
ethyl radical to be calculated. A t the high-temperature lim it 
there is essentially free rotation about the central C— C bond 
o f the radical. The /M iyperfine coupling constant is norm ally 
reported as the average o f the ^-couplings, Afi =  1/3{Ax 
+  2A ), since free rotation is assumed. Where A p is the 
hyperfine proton coupling constant o f the /Lprotons not con­
tained in the plane of the notional 2pz orb ita l centred on the 
methylenic carbon. I f  it is assumed that the value of Ap is that 
obtained at the SCF level, Ay  =  37.87 M Hz. Then the high- 
temperature lim its are 4 (C H 2M u) =  80.65 M H z and 
A (C H 3) =  73.48 M Hz. These results are in surprisingly good 
agreement w ith the experimentally measured high- 
temperature lim its o f A (C H 2M u) =  79 M H z 2 and A (C H 3) =  
75.3 M H z.20 The computed proton high-temperature lim it is 
probably less accurate because o f the neglect o f the v ib ra­
tional coupling between the C —X group and the rest o f the 
radical. These estimates could of course be improved by a 
more complete treatment o f the v ibrational averaging. The 
good agreement o f the muon result, however, confirms that 
the m ajor contributions to the v ibrational corrections o f the 
muon arise from the three normal modes considered and 
their coupling.
Conclusion
The present studies, and those of C laxton et al.,8 show that 
the residual isotope effect observed for the muon /M iyperfine 
couplings can be explained through the consideration of 
vibrational averaging. The vibrational corrections are found 
to be composed o f a dom inant harmonic term and a small 
anharmonic term. The harmonic term arises from the fact 
that for each isotopomer the spin density is averaged over a 
different region of the surface about the stationary point. The 
large root-mean-square amplitude o f the muon results in the 
muonic species having the largest anharmonic correction. 
The corresponding anharmonic corrections for the pro tium  
and deuterium species are negligible in comparison. These 
effects can also be used to explain the difference in the bar­
riers to internal ro tation o f different isotopically substituted 
ethyl radicals.
I t  should be remembered that all the computed results 
have neglected v ib ra tiona l-ro ta tiona l coupling and assumed 
the radical to be in its ground vibrational state. Corrections 
over excited v ibrational and rotational states would have to 
be included for a complete study, but this would greatly 
increase the complexity o f the problem and the computa­
tional time required.
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We report the observation of muonium-substituted radicals formed in 3-methyl-2-butenal. The reduced hyperfine 
coupling constants (A'J at 273 K are 59.96 MHz for addition to the C = C  bond and 2.89 MHz for muonium 
attachment to C = 0 .
Recently we have reported the /zSR spectrum for the 2- 
muoxyprop-2-yl radical over the temperature range 180-319 
K .1 Here we wish to report the first clear observation of com­
petitive m uonium addition to an a,/?-unsaturated carbonyl 
compound,3-methyl-2-butenal, (C H 3)2C = C H C H O . W ith 
two functional groups in the molecule there is the possibility 
o f M u addition to C = C  and C = 0  bonds.
The im plantation o f positive muons (/t + ) in unsaturated 
liquid hydrocarbons can lead to the form ation of muonium- 
substituted free radicals. The resulting radicals are thought to 
be formed by the formal addition o f a neutral muonium 
atom, M u, to the unsaturated compound, where muonium 
consists o f a bound state o f the positive muon w ith an elec­
tron. Such radicals are observed using the technique o f muon 
spin ro tation (//SR) spectroscopy. This technique has been 
successfully applied to the study o f conformational analysis, 
kinetic isotope effects, and the regioselectivity o f muonium 
addition for a wide range of organic free radicals.2,3
Data were collected at the Paul Scherrer Institute (PSI), 
Villigen, Switzerland, using the /tE4 beamline. Samples were 
degassed using the normal freeze-pump-thaw procedure 
before being sealed and placed in the cryostat o f the //SR 
spectrometer. Using an applied field o f 0.2 T  transverse to the 
muon spin direction in the polarised beam, each muonium- 
substituted radical gives rise to two precession frequencies. 
The absolute value o f the isotropic muon-electron hyperfine
coupling constant | Aft | can be deduced directly from the fre­
quencies of the two signals observed in the Fourier- 
transformed spectrum. The theory for the analysis o f //SR 
spectra is well documented.4
Fig. 1 shows the Fourier-transform /tSR spectra for the 
radicals formed from 3-methyl-2-butenal and the effect of 
temperature upon the position and linew idth of the signals. 
The diamagnetic signal at ca. 27 M H z has been excised from 
the spectrum using a procedure based upon the m inim isation 
package m in u it .5 The signal at Cy derives from the cyclotron 
frequency.
The spectrum consists o f a pair o f doublets R 1 and R2, and 
each doublet can be attributed to a muonium-substituted free 
radical. In 3-methyl-2-butenal there are four inequivalent 
positions for muonium addition. The radicals formed by 
muonium addition to C 3 and muonium attachment to C = 0  
are shown in fig. 2. The two other possible radicals are the 
result of muonium addition at C , and C 2. The strong signals, 
R, correspond to a radical w ith a reduced muon-electron 
hyperfine coupling constant, A'^  =  \ Afl \ np/n tt, o f 1.3 M H z at 
197 K, increasing slightly to 4.7 M H z at 347 K. These low 
coupling constants and the associated temperature depen­
dence are characteristic o f muonium addition to a C = 0  
group; R t is therefore assigned to the delocalised m uoxyalkyl 
radical (II).
Table 1 presents a comparison o f reduced muon-electron
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Fig. 1. Fourier-transform p.SR spectra for 3-methyl-2-butenal at 
three temperatures and with an applied transverse field of 0.2 T.
H H
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Fig. 2. Radical products from muonium addition to inequivalent 
sites of 3-methyl-2-butenal.
hyperfine coupling constants for a series of m uoxyalkyl rad­
icals at around 295 K . It can be observed from the table that 
the coupling constants o f m uoxyalkyl radicals formed from 
a,/?-unsaturated carbonyl compounds are significantly lower 
than those o f radicals such as 2-muoxyprop-2-yl. The lower 
coupling constants are the result o f delocalisation of the 
unpaired electron.
The m ajor doublet denoted R2 is due to the presence o f a 
second muonium-substituted radical w ith a reduced coupling
Table 1. Hyperfine coupling constants (,4',MHz) of selected muoxy
radicals at ambient temperatures"
substrate radical .4;
1,1,1-trifluoropropan- CF3G(OMu)CH3 9.78
2-one
hexane-2,5-dione CH ,C(OMu)CH,CH ,C O C H 3 8.57
propan-2-one CH ,C(OMu)CHj 8.56
ethanal C H 3CH(OMu) 6.82fc
fr.ms-2-butenal C H 3CH=CHC(O M u)H 29 cj
3-methyl-2-butenal (C H 3)2C=CHG (OM u)H 2.89c
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constant o f 58.2 M H z at 197 K  up to 60.9 M H z at 347 K. By 
comparison w ith  muonium-substituted dienes,2 in particular 
2,5-dimethyl-hexa-2,4-diene, we th ink that R 2 arises from 
m uonium addition at the C —C bond, yielding the thermody­
namically more stable a lly l type radical (I).
This assignment is in accordance w ith values measured for 
the a,/J-unsaturated carbonyl compound, trans-2-butenal, 
C H 3C H = C H C H O . In  this case only a single radical signal is 
clearly observed corresponding to reduced hyperfine coupling 
constants decreasing from 94.8 M H z at 209 K  to 82.8 M H z 
at 353 K. By comparison w ith the coupling constants of the 
terminal alkene, vinylacetate,6 the radical corresponding to 
these signals was identified as an allyl-type radical formed 
from muonium addition to the C = C  bond. As w ith 3- 
methyl-2-butenal the product is the delocalised ally l type 
radical. In  the case o f trans-2-butenal the radical signals due 
to muonium addition to the carbonyl group were observed to 
be very weak and accurate data were d ifficu lt to obtain.
The opposite temperature dependence of the hyperfine 
coupling constants for the two a,/?-unsaturated carbonyl 
compounds could arise from different equilibrium  conforma­
tions. The difference can probably be attributed to M u 
attachment in the nodal plane of the 2pz orb ita l centred at 
C 2 . Consequently the observed coupling constant increases 
in value w ith rising temperature in radical (I).
The polarisations, corrected for experimental time 
resolution,7 corresponding to muons in the muonic radicals 
formed from 3-methyl-2-butenal are found to be 0.109 for 
radical (I) and 0.064 for radical (II), at 298 K. I f  we assume 
that each radical has undergone proportiona lly the same 
depolarisation, we can convert the fractional muon polarisa­
tions in to  fractional rate constants for radical form ation.2 
The fractional rate constant for muonium addition to the 
C = C  bond is 0.63 for 3-methyl-2-butenal at 298 K , which is 
substantially lower than the corresponding fractional rate 
constant for frans-2-butenal, which we th ink to be close to 
unity. We are surprised to find that the fractional rate con­
stant for M u attachment to the C = 0  group in 3-methyl-2- 
butenal is as high as 0.37. M ethyl substitution of trans-2- 
butenal clearly has a strong effect on the regioselectivity of 
muonium addition. Further experimental and theoretical 
studies o f a,/?-unsaturated carbonyl compounds are in 
progress.
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